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CHAPTER I. INTRODUCTION 
Hydrogen forms the simplest molecular solid and conceivably all 
properties of hydrogen can be calculated from first principles. However, 
both experimental and theoretical difficulties arise due to the large 
zero-point energy and the different rotational states of the hydrogen 
molecule. The large contributions of these effects mean that classical 
approaches to the calculation of the physical properties of solid hydro­
gen are not valid and quantum theory must be used. A knowledge of these 
quantum effects in hydrogen should result in a better understanding of 
sol ids in general. 
In calculating the thermodynamic properties of solids, theoretical 
models generally determine the Helmholtz free energy F(V,T) or the inter­
nal energy U(V,T). Other thermodynamic variables such as the pressure, 
entropy, and heat capacity then can be derived: 
Because of its direct relationship to the free energy and entropy, the 
constant volume heat capacity provides a basic test of the theory in its 
extensions beyond the zero temperature results. 
( 1 - 1 )  
(1-2) 
(1-3) 
2 
Although is the desired quantity, experiments generally measure 
heat capacity at constant pressure or saturated vapor pressure. A stan­
dard correction therefore is used to convert C data to the more useful 
P 
Cv' 
C -  C « 8^B_VT .  (1-4) 
p V T 
In order to use this equation, the volume thermal expansion coefficient 
6 and the isothermal bulk modulus are needed from other experiments. 
Furthermore, this correction refers to the volume at which the 
measurement was made, while theory requires C^(V»constant,T). The 
volume correction is applied using equation of state data and the 
relation 
For hydrogen, these two corrections essentially are zero for temperatures 
below 4 K but by 12 K the corrections are already 8%, An accurate deter­
mination of Cy(V,T) requires a direct measurement. 
The number of measurements for hydrogen is very limited. The 
only reliable work is that of Ahlers (1) who measured the lattice heat 
capacity of parahydrogen from 2 K to the melting line at 22.56 cm^/mole 
and from 4 K to 20 K at 19.83 and 18.73 cm^/mole. The purpose of the 
present work Is to reproduce these measurements with greater accuracy 
and to extend them In both temperature and density range. Several con­
stant pressure experiments have been performed. Roberts and Daunt (2) 
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have carried out measurements from 0.5 to 5 K on both parahydrogen and 
orthodeuterium. Older data of Hill and Lounasmaa (3) present measure­
ments on parahydrogen and orthodeuterium from 2 to 10 K. The heat 
capacity of hydrogen as a function of sample history and experimental 
procedure has been examined by Popov et al. (4) from 1.3 to 6.0 K. 
Roberts et ai. (5) have extended measurements on deuterium down to 
150 mK. All of the above measurements were done on samples with a small 
concentration of the J=1 molecules (see next section), Other experi­
ments have been done with higher concentrations of the J=1 species (6-9). 
Orthohydrogen and Parahydrogen 
The hydrogen molecule is classified as either ortho or para depending 
upon the quantum mechanical state of the two protons in the molecule. 
The total wavefunction $ describing the protons must be antisymmetric 
and can be separated into a spatial part and a spin part. 
if; = 6 
spatial spin 
The symmetry of the spatial wavefunction can be shown to be dependent 
upon the rotational state of the molecule. Odd values of the rotational 
quantum number J correspond to an antisymmetric state, while even 
values of J represent a symmetric state. Thus to maintain the correct 
symmetry requirements of 'j', ever, values of J are associated with an 
antisymmetric spin state and odd values of J are associated with a 
symmetric spin state. Parahydrogen refers to a molecule with anti­
symmetric spins and orthohydrogen to a molecule with symmetric spins. 
4  
The ratio of the number of para molecules to the number of ortho 
molecules in statistical equilibrium is given by 
2Ik T 
^ I (2J + 1) e 
5 , (1-6) 
ortho A J(J+l) 
Zlk.T 
I 3(2J + 1) e 
J=odd 
where I represents the molecular moment of inertia. Experimental 
^2 
measurements on hydrogen give values of 2Ïir~ ~ 85.5 K (10). Vibrational 
B 
energies have been ignored since for these states 7—= 6300 K (10), so 
B 
the molecules can be assumed to be in the vibrational ground state. For 
high temperatures (room temperature and above) statistical equilibrium 
is given by the T=» values of 25% para and 75% ortho, while for T=0 
statistical equilibrium is 100% parahydrogen. 
The conversion between ortho and para states in pure hydrogen 
primarily is due to the interaction bstv.-een the magnetic moments of 
nearest neighbor molecules. At low temperatures (T < 50 K) the para 
molocule.s are essentially all in the J=0 quantum state and so do not 
contribute to the conversion process. The conversion rate therefore is 
experimentally found to depend only upon the ortho concentration as (11) 
- ^  = ko^ ' (1-7) 
where k is the rate constant and o is the percentage of orthohydrogen. 
This relationship is only valid for large concentrations of orthohydrogen 
5  
because as the concentration decreases, more and more of the ortho 
molecules are found in isolated singles. The conversion should die out 
as the number of nearest neighbor pairs of ortho molecules decrease. 
Ahlers (12) has measured the rate constant for solid normal hydrogen and 
_C _] •s 
found it to vary from 18.2 x 10 (% hr.) at 22.64 cm /mole to 
~5 -1 3 45.6 X 10 {% hr.) at 16.4 cm /mole. Indications from theoretical 
work are that two phonon processes dominate the conversion at molar 
volumes greater than 20 cm^/mole while one phonon processes become im­
portant at smaller molar volumes (13,14). 
The conversion process discussed so far has been concerned with 
pure hydrogen. However, a catalyst may be used to enhance the conversion 
rate which then proceeds exponentially in time. Depending upon the 
catalyst used, the half life to reach statistical equilibrium can range 
from a few minutes to a few hours (11). 
An immediate conclusion can be drawn from the above discussion which 
is very useful from an experimental point of view. Samples of hydrogen 
which have a high parahydrogen concentration will show very little con­
version and so measurements can be performed at constant concentration. 
Parahydrogen is of interest because it avoids the complications arising 
from the molecular rotation and should show only lattice effects. 
Realistically, however, pure parahydrogen is not attainable for two 
reasons. One is, as mentioned above, that the conversion rate goes to 
zero as the ortho concentration decreases, and so statistical equilibrium 
at low temperatures will not be reached in an isolated hydrogen sample. 
Secondly, even though equilibrium can be quickly achieved in the 
6  
presence of a catalyst, this must be done in the liquid state where 
statistical equilibrium is approximately 0.2% orthohydrogen. Thus ex­
periments on "parahydrogen" are actually on samples with small ortho-
hydrogen concentrations. 
Difficulties arise in determining the lattice heat capacity of para­
hydrogen at low temperatures due to the orthohydrogen impurities. An 
anomalous heat capacity appears which can be explained by the lifting of 
the degeneracies in the J=1 rotational state of the ortho molecule. 
Nakamura (15) showed that the predominant contribution to the energy 
splitting is the electric quadrupole-quadrupole interaction between ortho 
molecules. He considered only nearest neighbor pairs and wrote the 
partition function as 
Zpair = + 4 + 2e-* + (1-8) 
where 
,. ^ . (1-9) 
25 ' kgT 
Here, eQ represents the electric quadrupole moment, r^ the intermolecular 
separation, and r the electric quadrupole-quadrupole coupling constant. 
From an evaluation of their heat capacity data, Roberts and Daunt deter­
mined that r/kg = 0.9 K (2). The heat capacity per pair of ortho molecules 
can now be calculated and is found to be 
Cpair ' y- - (8e'"' - 2.'" - 6e-h'] . 
P*:' (1-10) 
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Although the nearest neighbor pair model should be adequate for low ortho 
concentrations, a correct theory must account for higher order clusters 
of ortho molecules and also for interactions beyond nearest neighbors. 
The above expression for C . is useful to determine the anomalous pair 
contribution to the heat capacity only as long as the number of pairs of 
ortho molecules is fixed. However, there is evidence from NMR experi­
ments (16,17), pressure-temperature measurements (18), and heat capacity 
measurements (2,4) which indicates that rotational diffusion occurs in 
solid hydrogen. The mechanism for this diffusion was considered by 
Oyarzun and van Kranendonk (19). Their calculations indicate that while 
the molecules remain fixed to their lattice sites, the ortho excitation 
tunnels between them. Roberts and Daunt (2) have derived an expression 
for the free energy for a system of ortho pairs and singles that are 
allowed to diffuse and come to an equilibrium distribution. Since the 
tendency is for the ortho molecules to cluster as the temperature is 
lowered, the equilibrium pairs model predicts a higher heat capacity 
than a random fixed distribution would yield. Figure i shows a ptot in 
reduced units for the heat capacity derived from the clustering free 
energy given by Roberts and Daunt (2) and also given in Equation 
(i-lO). In order to obtain numerical values for the equilibrium pairs 
model, a 0.5% ortho concentration was assumed. Also, to display the 
curves on the same graph, each model had to be scaled differently as 
indicated in the figure. The important aspect of Figure I is the 
dramatic difference in shape between the two curves. Since a value for 
the quadrupole coupling constant is known approximately, the location of 
8  
0=0.5% ortho 
1 1.0 
T3 4^ for fixed pairs 
model 
Figure 1. Heat capacity due to nearest neighbor ortho pairs 
9  
the maximum as well as the shape of the anomaly can be used to determine 
which model is appropriate. 
The redistribution of ortho molecules can be characterized by a time 
constant that depends on both temperature and ortho concentration (4,16, 
17). Since the time constant can be as large as several hours, most ex­
periments are not done on a sample that has reached an equilibrium dis­
tribution. if measurements are made sufficiently fast, a fixed ortho 
distribution can be observed. Caution must be exercised when analyzing 
data and comparing with theory because of the orthohydrogen diffusion. 
Consideration must also be given to the effects of isolated ortho 
molecules surrounded by para molecules. Small lattice distortions due 
to the ortho impurity yield a crystalline field which can cause the J=1 
rotational state to split. The energy splitting varies from less than 
0.05 K at zero pressure to approximately 0.6 K at 8 kbar (20,21). These 
crystal field effects probably will not be seen except for very low 
ortho concentrations and temperatures below 1 K. 
Lattice Dynamics 
The fundamental principles involved in understanding heat capacity 
and other thermodynamic properties are found in the theory of lattice 
vibrations. In combination with the Debye model, a wide variety of ex­
periments ranging from neutron scattering and sound velocity to the 
present thermodynamic measurements can be related directly to one 
another. 
A convenient starting point in the development of lattice dynamics 
is the potential energy V which is assumed to be a function of the 
1 0  
displacement of an atom from its equilibrium lattice site (22). This 
displacement will be denoted as u.(%,s), where 1 denotes a unit cell in 
the crystal measured from an arbitrary origin, s designates an atom in 
the unit cell, and i denotes a cartesian component. Expanding V about 
the equilibrium lattice site yields the Taylor expansion 
V(u.(t,s)) = V(0) + I u. (1,5)1" ^ 1 + i I u. (&,s) 
its L 3u.(;,s) i ; ; 
i'2's' 
X  u .  ,  ( & ' , s ' ) ^ ^  
2 3 V 
3u.(A,s)3u.,(%',s') 
+ higher order terms . (1-11) 
If the particle undergoes small oscillations about the minimum in energy, 
the first derivative is zero and the only term of importance is the term 
involving the second derivative. This is the harmonic approximation. 
The equation of motion for an atom then is 
M ii (t,s) % 
dujl%,s; 
I 3^V 
i ' l ' s '  @ u . ( ^ ^ s ) 3 u . , ( & ' , s ' )  -
u . , ( l ' , s ' )  .  ( 1 - 1 2 )  
Defining a force tensor G.., (î,s; &',s') leads to the equation 11 
M^u.(t,s)=- ^ G..,(&,s; &',s')u.,(2',s') . (1-13) 
i'î's' 
The periodicity of the crystal requires that the force tensor is not a 
function of t and t' but rather of their difference ft = Î - Î'. Thus a 
1 1  
change of variables can be made to 
MgU.(t,s) = - I G.. , (s,s'; ii)uj , (t+ii,s') . (1-14) 
i 'fis' 
Solutions to the differential equation are sought in the form of traveling 
plane waves, 
U;(I.s) . C.(s)el<q-Z-«t) , (,.,5) 
With this substitution the differential equation becomes 
-w^MgC.(s) = - ^ G,.,(s,s'; ^)e'^ ^C.,(s') . (1-16) 
i 'tis' 
Now the dynamical matrix 
D. . , ( s , s ',q) =  r  I  G..,(s,s'; (1-17) 
h 
and the vector 
E.(s) = MgC.(s) {1-18) 
can be substituted into the above to yield 
3 n _ 
I I [Dj. ,(s,s',q) - 03 6 ..,ô ,]E.,(s') = 0 , (1-19) 
i'=l s'=l " 
where n equals the number of atoms per unit cell. The vector ? is re­
ferred to as the polarization vector and indicates the direction of dis­
placement of the atoms. The dynamical matrix D.j,(s,s',q) contains all 
the information concerning the potential and the associated force con­
stants . 
1 2  
The problem has now come down to solving the 3n equations for the 
2 3n values of w . The equations define an eigenvalue problem, so the 
nontrivial solutions are found by setting the determinant of the corre­
sponding matrix equal to zero. The resulting solutions for w represent 
the dispersion relations for the solid. The above equations also con­
tain all the information needed to determine the density of states. The 
first Brillouin zone can be divided up into small dq^ volumes and each 
assigned the 3" frequencies as governed by the dynamical model. A count 
is then made of the number of frequencies w which fall within a range du. 
A histogram type curve can be constructed and smoothed to show the den­
sity of states. More sophisticated methods may be used, but the basic 
problem is one of counting. 
The harmonic approximation works well for many solids but in general 
fails for the quantum crystals. If the above calculations are carried 
out for solid helium or solid molecular hydrogen, imaginary frequencies 
appear, with the difficulty lying in the assumption of small oscilla­
tions. For hydrogen at low temperatures and pressures, the zero point 
energy is about 47% of the cohesive energy (23,24) which, on extrapola­
tion of the calculations of Pollack e_t a^. (25), represents a motion of 
roughly 15-20% of the nearest neighbor distance. To adequately treat 
the problem, anharmonic contributions to the potential must be included 
and methods for dealing with this problem will be discussed later. In­
dications are that for pressures above a few thousand bar, the harmonic 
theory is adequate for treating solid molecular hydrogen (25). This 
conclusion resulted from calculations showing a decrease in the ratio of 
1 3  
zero point energy to total energy and in the ratio of the displacement 
from lattice sites to the nearest neighbor distance as the density of 
solid hydrogen is increased. 
Dispersion curves can be determined experimentally by the method of 
neutron scattering. Generally the dispersion curves are measured in 
several symmetry directions and a dynamical matrix model is fit to the 
results to yield the force constants. The model then is used to predict 
the dispersion curves in off-symmetry directions. Once this is done the 
density of states can be determined as outlined before. 
The density of states, g(w), is written in a normalized form such 
that 
00 
/ Ng(w)dw = 3nN , (1-20) 
0 
where N is the number of unit cells and n is the number of atoms per 
unit cell. The individual mode density of states functions, g^(w), are 
related to g(y) through 
g (u )  =  Z  g%(w)  ,  (1 -21 )  
A 
with the sum over X taken over all possible modes of the solid. The 
mode density of states are each normalized to unity. 
J g>(-) = ' (1-22) 
0 
With the determination of the density of states, the internal 
energy can be written as 
1 4  
U = N / dwg(w)Aw(n(w) + i) . (1-23) 
Here, n(w) denotes the phonon occupancy of a state w and follows from 
statistical mechanics, 
"<»''-S370 • <i-") 
e ° -  I 
From the internal energy, the heat capacity is calculated as 
ail N f *2 2 
Theoretical calculations of the heat capacity often approximate 
g(w) with the Debye model which involves only acoustic modes. This 
proves to be a good approximation for low temperatures since the optic 
modes will not be excited. In this model, each mode is described by 
w = c^q , (1-26) 
where :s the velocity of sound for the given mode and is assumed a 
constant. A further assumption is made that all of the allowed wave-
vectors in reciprocal space are contained in a sphere of radius 
/ 2 
• 0-27) 
2 in the Debye model, the density of states is proportional to w : 
g^(w) = . (1-28) 
The constant of proportionality, a^, for each mode can be determined from 
1 5  
the normalization conditions. If a simple isotropic solid is assumed, 
the longitudinal mode with sound velocity c^^ is normalized as 
/ g, (w)dw = / a, w du = 1 
0 0 
The refore, 
Thus a total density of states may be written as 
g(u) = g^fw) + 2g^(u) 
2 3m 
c 
27r^N 
w 
(1-29) 
(1-30) 
Similarly, for each of the two transverse modes with velocity Cy, 
3 . (1-31) 
(1-32) 
An average Debye cut-off frequency can be defined by the normalization 
condition for the total density of states. 
J Ng(w)dw = 3nN 
0 
w^dw = 3nN 
1 6  
03, 
l/i 1/i 
(1-33) 
Using this value of Wg, the density of states may be rewritten in a more 
convenient form, 
g (u) = ^ 
"D 
(1-34) 
For real anisotropic crystals, the factor 
4 * $ -
is replaced by an average velocity involving a complicated Integration 
of the actual direction-dependent sound velocities. 
An expression for the heat capacity in the Debye model now can be 
given by substitution into Equation (1-25). 
w. 
QoM r 
Jo 
2 4 WkgT 
r. u e 
Wk T 
e ® - 1 
If the Debye temperature is defined by kg® = and the substitution 
fti j i 
X = -,—T" is made, the equation for C becomes 
kgT V 
Cv = SnNkg 
\3 ^A^x 
Jo [e* - 1]2 dx (1-36) 
® 4 At low temperatures, y " and the integral equals 4it /15. Therefore, 
1 7  
C 
V 
3  
(1-37) 
This is the famous Debye T^ law which generally gives a good description 
for the lattice properties of solids below T = 0/50. The value of ® ex­
perimentally determined in this low temperature limit is designated as 
0 . 
The above discussion shows that the Debye theory provides a connec­
tion between the elastic and thermal properties of solids. Either 
thermal measurements of the heat"cavaciLy or elasLic measurements of the 
sound velocity may be used to determine the Debye theta. Since the Debye 
theory becomes rigorous as the temperature approaches zero, excellent 
agreement is found in the two limiting determinations of 0^-
As pointed out in the last section, problems arise in theoretical 
considerations of the quantum solids due to the non-negligible anharmonic 
contributions. Treating the anharmonic terms as a perturbation to the 
harmonic solution seems like a reasonable approach to try. Klein, 
Morton, and Feldman (26) have carried out a perturbation calculation for 
argon, krypton, and zenon. Their results indicate a failure of the 
perturbation approach when the rms deviation of the atoms from their 
lattice sites is greater than 6% of the nearest neighbor distance. Cal­
culations were attempted for neon with failure at all temperatures. 
Thus, a different approach is needed to handle the large anharmonic 
effects in solid hydrogen. 
o 
Anharmonic Crystals 
1 8  
The T=0 properties of solid hydrogen can be calculated by using a 
strictly quantum mechanical approach. If the solid consists of N 
molecules of mass m, the Hamiltonian for the crystal may be written as 
.2 N 
H = .|_ zv. + z V(r..) , (1-38) 
2m ' ;<j 'J 
where r.. = Ir. - T.| and is the position of the ith molecule. The 
U I J ' 
first term represents the zero point motion of the molecule while the 
second term is the potential energy contribution. If V(r.j) is replaced 
by a simple harmonic potential centered on the lattice sites, 
Schrodinger's equation becomes separable and can easily be solved. In 
general the equations are not separable due to the coupling of the par­
ticles through the potential energy. In order to treat the full problem, 
variational calculations are done. 
The trial wavefunction usually used is of the form 
N N 
!{; = n *(r.) n f(r..) . (1-39) 
:=î • j<k 
(J)(r.) is a single particle wavefunction centered on the lattice site 
and is typically chosen to be a spherically symmetric Gaussian, 
*(r\) = ^ ^ j exp[- 6/2 (r. - ^.)^] . (l-40) 
f(r) is a two particle correlation function designed to account for 
short range correlation of the hydrogen molecules. In the limit of 
large r, f(r) = 1, and as r goes to zero, f(r) = 0. Hence this function 
tends to decrease the probability of finding two molecules close together 
1 9  
and tends to take into account the hard repulsive core of the inter-
molecular potential. This is necessary due to the large zero point 
oscillations. The correlation function often is chosen to be of the 
form 
f(r) = exp 1^ - p ] ] , (1-41) 
where a and 3 are variational parameters to be determined by minimizing 
the energy. 
Once a wavefunction has been chosen, the ground state energy can be 
calculated as 
This procedure is repeated for a number of different molar volumes. The 
pressure then is found by taking the volume derivative of the energy, 
P = -^ . (1-43) 
The Lennard-Jones 6-12 potential. 
V(r) = 4e 7; - (1-44) 
probably appears in the literature more often than any of the other 
potentials tried. For hydrogen, e = 36.7 K and a = 2.358 A, as deter­
mined from experimental measurements of the second virial coefficients 
(27). The Lennard-Jones potential has been shown to be unsatisfactory to 
predict hydrogen properties, and more sophisticated potentials are 
needed for accurate calculations. 
2 0  
Bruce (24) used the above formulation along with the 6-12 potential 
and calculated the expectation values using Monte Carlo techniques. His 
calculations were done with an fee lattice constructed out of 256 par­
ticles. Beyond the boundaries, each particle was given an image par­
ticle in order to make the wavefunetion periodic. Bruce compared his 
calculated P-V result to the experimental data of Stewart (28). Agree-
3 3 
ment was good for V > 16 cm /mole, but for V < 16 cm /mole theory and 
experiment started to diverge until at 11 cm^/mole the calculated pressures 
were almost 100% too high. Bruce concluded that the repulsive part of 
the potential was much too strong. 
Etters and Danilowicz (29) have used the same starting point as 
Bruce but have resorted to a local molecular field description in 
handling the expectation values. Using Green's theorem, they write 
Equation (1-42) as 
2 
<H> = ^ + <#|^> '  Z / ^ ^v(r . j)dr^ ... drj^ (1-45) 
2 2 
where v(r..) = V(r..) - (A /2m)V. In f(r..). Further rewriting yields 
IJ IJ I IJ 
X<k 
(1-46) 
where 
;(r, ,r. ) = [ n f^(r..) : |*(r ) 
^ J i<jV(X,k) 'J sjiXyk ® 
dr*! ••• d• 
(1-47) 
? 1  
Each molecule in the solid is dynamically coupled to all other molecules 
through the two body correlation function f(r), and the function 
contains the effect of all N-2 molecules on an arbitrary pair (X,k). 
Etters and Danilowicz approximate this local molecular field acting on a 
pair (X,k) by 
This approximation considers only the pair correlations that link the 
N-2 molecules directly to the pair (X,k) and omits any correlations be­
tween the N-2 molecules themselves. 
In treating the molecular field, the first order of approximation 
is to assume that all N-2 molecules are fixed rigidly to their lattice 
sites. This results in some inconsistencies and tends to limit the 
movement of the pair (X,k). In the dynamic local field approximation, 
the motions of the N-2 molecules are taken into consideration. Etters 
and Danilowicz (29) took into account the motion of the nearest neighbors 
of X and k and treated the second and third nearest neighbors as a 
static lattice. Pair correlations beyond third nearest neighbors are 
neglected. The results of these calculations agree very closely to the 
Monte Carlo calculations of Bruce (24). 
Etters, Danilowicz, and England (50) abandoned the idea of a semi-
phenomenological potential and used a first principles calculation of 
the intermolecular potential. Using two hydrogen molecules, the 
potential was determined from atomic orbital and perturbation calcula­
tions. The anisotropic potential obtained was then spherically averaged 
(1-48) 
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and the dynamic local field approximation was used to calculate the P-V 
isotherm at 0 K. At low pressures (< 10^ bar) these results agree very 
well with experimental data (28,31). At about 2 x 10^ bar the theoretical 
calculation for the pressure lies about 10% too high as compared with 
the 6-12 potential which yielded results 100% too high. Uncertainties 
in this calculation lie in the atomic orbital work on which the poten­
tial is based, the calculational procedure, and on the trial wavefunction. 
A different approach to the calculation of solid hydrogen properties 
is the self-consistent phonon approximation (SCPA). The main idea 
behind the SCPA is to model the true lattice with a model Hamiltonian 
whose potential energy is quadratic in the molecular displacements. The 
difference in free energy between the true lattice and model lattice is 
then minimized so that the model system closely approximates the true 
crystal. The result of this procedure yields a set of equations that 
can be solved self-consistently. From the SCPA, density of states, dis­
persion curves, pressure, elastic constants, specific heat and thermal 
expansion may be derived. The mathematics involved in the SCPA is quite 
involved and excellent reviews are found in the works of Werthamer and 
the references quoted there (32-34). 
Anderson, Raich, and Etters (35) have used the SCPA along with the 
anisotropic potential calculated from first principles mentioned earlier 
(see also 36) to calculate T=0 density of states, pressure-volume rela­
tions, bulk moduli, and sound velocities for parahydrogen and ortho-
deuterium. The calculations give excellent agreement with the experi­
mental results of Anderson and Swenson (31) for pressures and bulk moduli 
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of hydrogen and good agreement with the deuterium measurements. In their 
calculations, Anderson ^ a1^. (35) assumed the same intermolecular 
potential for hydrogen and deuterium. They concluded from their calcu­
lations that the potential may be slightly different for the two. 
Goldman (37) also calculated the T=0 properties of parahydrogen and 
orthodeuterium in the SCPA. The potential used in his calculations was 
a model potential where the parameters were determined from experimental 
results. His calculations resulted in the T=0 pressure-volume relation 
and bulk moduli which yield good agreement with experiment. Elastic con­
stants, sound velocities, the Debye theta and the GrUneisen constant are 
calculated at T=0 and P=0. Overall agreement with experiment is reason­
able. 
The only T^O calculations have been done by Anderson, Raich, and 
Kanney (38) in the SCPA. The pair potential which they used was again 
that calculated from first principles. Among their calculations was the 
constant volume heat capacity for a molar volume of 18.73 cm^/mole. 
This was compared with Ahlers (l) experimental results and was found to 
be approximately 16% too high. Further work in calculating the finite 
temperature properties of hydrogen is indicated. 
Basic Thermodynamics 
Constant volume heat capacity measurements provide a basis for the 
calculation of many of the thermodynamic properties of a solid. By 
direct integration, C^(V,T) data can yield the volume and temperature 
dependencies of the entropy and internal energy. If the data then are 
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used in conjunction with other thermodynamic relations, the thermal con­
tributions to the equation of state can be determined. 
The natural starting point for the present development is the 
Helmholtz free energy which can be written as the sum of two terms, 
F(V,T) = U^(V) + F*(V,T) . (1-49) 
* 
U^(V) is the energy at T=0 and F (V,T) contains all thermal contributions 
to the free energy and vanishes at T=0. The equation of state is obtained 
from the volume derivative of the free energy. 
P(V ,T) = = PqCV) + P*(V,T) . (1-50) 
«fi» 
where P (V,T) represents the thermal contributions to the pressure. 
Furthermore, the entropy and heat capacity also follow from the free 
energy as given in Equations (1-2) and (1-3) and are related through the 
relation 
fT C„(V.T) 
J o  
S(V,T) = I oT . (i-51) 
From the Maxwell relation 
(» ) . • (» ) ,  •  V 
the thermal pressure is found to be 
P*(V,T) = 
o ( ^ ) T  dT . (1-53) 
Thus volume dependent heat capacity data can be used to determine the 
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entropy from which the thermal pressure may be derived. However, this 
procedure can not be carried out without introducing large uncertainties. 
The errors arise because the experimental data are integrated once to 
obtain the entropy and then differentiated and integrated a second time 
to obtain a final value for the thermal pressure. The difficulties 
arising from this extensive data manipulation may be circumvented in part 
by using the Mie-Gruneisen equation of state as a first approximation. 
The Mie-Gruneisen approximation is based on the assumption that the 
free energy scales with temperature as 
F*(V,T) = T$^ ^ , (1-54) 
where all of the volume dependence of F is contained in 0(V). Since 
the internal energy is given by 
U*(V,T) = -T^l^ , (1-55) 
the application of Equation (1-50) yields the thermal pressure 
p'(V.T) . ïmjÛKTl , (1-56) 
with Y J the Gr'uneisen parameter, defined by 
Y(V) = -
The temperature derivative of the thermal pressure can be related to the 
constant volume heat capacity through the relation 
26 
where the basic definition of given in Equation (1-3) has been used. 
The volume expansion coefficient. 
G = i f )_ '  (1-59) 
and the isothermal bulk modulus, 
'  -v( i? '  ('-W) 
have been introduced since they will be discussed later in this section. 
The Mie-Gruneisen approximation and Debye model are found to be 
closely related in the low temperature limit since the Debye model does 
provide a rigorous description of solids in this regime. Thus the value 
for ®^(V), which is determined from low temperature data and the Debye 
model, can be associated with @(V) in the Gruneisen approximation. The 
Gruneisen parameter then can be calculated from the Debye temperature as 
d In © (V) 
Yo(V) = - d ln°V • 
The thermal pressure now can be obtained from the Mie-Gruneisen equation 
of state by a single integration of the data, 
rT / so \ y_(v) 
P*(V,T) = 
• .p  Am rT 
If the Mie-Gruneisen approximation is valid and Equation (1-62) is 
to be used, then the constant volume heat capacity should be a reduced 
function C^(T/0^). However, as will be shown in detail later, the 
present measurements show small deviations from a reduced curve which 
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can be attributed to a temperature dependent Gruneisen parameter. A 
temperature dependent Y is found in many solids besides hydrogen and the 
Mie-Gruneisen equation of state can be modified to take this effect into 
account. For the present work, an explicit volume dependence was assumed 
in the heat capacity which then takes the functional form C^(T/®Q(V),V). 
A simple substitution into Equation (1-50 reveals that the entropy 
exhibits similar form, S(T/0^(V),V), and the volume derivative may be 
calculated to give 
o 
Now, using this result in analogy with Equation (1-58), a volume and tem­
perature dependent y may be defined as 
Y(V,T) . , (1-614) 
o 
where the second term contains the small temperature effects and is a 
correction to the T=0 value of the Gruneisen parameter. Integration of 
Equation (1-63) yields the thermal pressure, 
Y„(V)U"(V,T) rT / \ 
p-(V.T) = dT . (,-65) 
which now accounts for all volume and temperature dependency. 
The thermal pressure as determined from Equation (1-65) results in 
a considerable improvement over the general method outlined at the 
beginning of this section. The first term in Equation (1-65) represents 
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the dominant contribution to the pressure and involves only a single 
integration of experimental data. For hydrogen, 0^(V) and Y q(V) can be 
determined quite accurately from low temperature data and so the 
first term in Equation (1-65) can be calculated with minimal uncertainty. 
The correction term involving the derivative of the entropy is relatively 
small, and so even though its value is difficult to determine accurately, 
the correction does not contribute appreciably to the overall error. 
A result which can be of use later is the volume derivative of the 
heat capacity, and this is found to take on a relatively simple form in 
the above approximation. Since 
f  4;)  (1-66) 
the volume derivative of both sides can be taken to yield 
I / 3C \ 3 / as 
T\, 3V 3V\, 3T 
3T\ 3V 
n 3T ^T/e 
(1-67) 
Thus, 
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The thermal contributions to the isothermal bulk modulus also can 
be calculated within this modified Mie-Gruneisen model. The starting 
point is Equation (I-63) which can be differentiated with respect to the 
volume to give 
8 / 3P 
V 9v( 9T ^ = 
T/e. 
(1-69) 
Using Equation (I-68) and integrating with respect to the temperature 
now yields 
U Y r V dy 1 as \ 
- 3V j 
T/e. 
+ Y, 
. ^ : 4 / »  o 
r 3 / 3S \ 
0 iT/e 
dT . (1-70) 
The term in brackets is the contribution to the bulk modulus under the 
assumption that the Gruneisen parameter has no temperature dependence. 
This agrees with the results of wanner and never (55) • The other terms 
a r e  c o r r e c t i o n s  d u e  t o  t h e  t e m p e r a t u r e  d e p e n d e n c e  i n  y .  
All of the above calculations have been based solely on the constant 
volume heat capacity. If the pressure-temperature melting relation is 
known, further thermodynamic results may be determined. Since the 
thermal pressures are known, the T=0 pressures are found to be 
Po(V) = P(V.TJ - P"(V,TJ (1-71) 
where the subscript m denotes values on the melting line. From the T=0 
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equation of state, P (V), the bulk modulus may be calculated 
o 
-v(^) BL(V) 5 B^(V.T=0) = -V . (1-72) 
This permits a determination of the total bulk modulus, 
B^(V,T) = B^(V) + B*(V,T) , (1-73) 
where By is as determined earlier. The thermal expansion now can be 
calculated as 
Y(V,T)C (V,T) 
^ " VBy(V,T) * (I-7A) 
In summary, heat capacity data used in conjunction with small 
corrections to the Gruneisen approximation can be used to determine most 
of the thermodynamic properties of a solid. This provides many possi­
bilities for checking the consistency between experiments. 
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CHAPTER II. EXPERIMENTAL APPARATUS 
Except for a few alterations, the experimental equipment is 
basically as described by Fugate (40) for measurements on solid neon. 
A high pressure system is used to compress parahydrogen gas and to fill 
a sample "bomb" located inside the dewar system. Heat capacity measure­
ments are performed on the bomb by applying a heat pulse and measuring 
the temperature change. The sample then is warmed up and recovered in 
a glass system where the number of moles and parahydrogen concentration 
are determined. 
Dewar System and Cryostat 
Figure 2 shows the physical arrangement of the low temperature 
calorimeter. The dewar system was designed so that access to the hign 
pressure bomb could be available without the necessity of moving the 
bomb. Thus, the outside vacuum can and the inner copper heat shields 
are all easily demountable. The three copper heat shields are anchored 
at the nitrogen bath, the helium bath, and helium pot. 
The helium pot together with the copper heat shield in contact with 
it will be collectively referred to as the sample shield. Both a 
platinum and germanium resistance thermometer are used to monitor the 
shield temperature and a 1000 manganin heater is used for setting tem­
peratures above 4.2 K. The vacuum space inside the sample shield is 
pumped on continuously with an ion pump and so vacuums typically less 
_7 than 10 Torr are obtained. The purpose of the ion pump is to maintain 
good thermal isolation of the bomb and to prevent room temperature 
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Figure 2. Dewar system and cryostat (not to scale; from Reference 40) 
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outgassîng from condensing on the bomb. The sample shield may be put 
in thermal contact with the bomb through a mechanical heat switch. The 
heat switch is simply a mechanical jaw which can clamp onto an 18 gauge 
copper wire connected to the bomb. Vibrations can be a problem if the 
bomb is allowed to hang freely from the capillary, and so to eliminate 
this problem, the bomb is anchored with a few strands of nylon thread. 
The fill capillary to the bomb passes through a separate vacuum 
space which goes from room temperature to the sample shield. The 
capillary inside this vacuum jacket is wound with a 4000 nanganin 
heater which is used to prevent the capillary from freezing shut while 
filling the bomb. A second 1000 manganin heater located at the point 
of contact between the sample shield and the capillary serves a similar 
purpose. The sample in the bomb is isolated and confined by admitting 
helium exchange gas into the vacuum jacket and freezing the capillary 
shut. 
All electrical leads are made from manganin wire and run from room 
temperature directly to a terminai strip (not shown) located in the 
helium bath. This serves to thermally anchor all leads at 4.2 K. From 
the bath, the leads run through a vacuum feedthrough, down a vacuum 
pumping line, and then to terminal strips which are thermally anchored 
to the sample shield. A detailed description of the electrical connec­
tions between the shield and the bomb will be given in the next section. 
Sample Bomb 
An enlarged view of the beryllium copper bomb is given in Figure 3. 
The purpose of the high purity copper fins is to promote rapid thermal 
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35 
equilibrium in the sample. A germanium thermometer (Cryocal #4577) is 
attached to the high purity copper post at the bottom of the bomb (see 
also Figure 2). The leads of the thermometer are wrapped around the body 
of the bomb and anchored with GE 7031 varnish. In Fugate's (40) initial 
design, there were three heaters which could be used for the application 
of the heat pulse. The present work has been done with two heaters 
which are comparable with Fugate's heater 1 and heater 3. Heater 1 is 
roughly lOOOO and is wound on the top of the bomb, while heater 3 is 
approximately 5000 and is wound on the copper wire that goes to the heat 
switch. Both heaters and the thermometer are connected for four terminal 
resistance measurements. The leads between the bomb and the terminal 
strip on the sample shield are 0.002 in. diameter Pt-8%W wire which was 
chosen because of its very poor thermal conductivity. Since this lead 
resistance is a few percent of the resistance of the heater itself, the 
heat generated in the leads during a heat pulse can not be neglected. 
Thus, the current leads to the heaters were wired such that one lead was 
considered as part of the heater. This is a standard technique which 
assumes that one half of the heat generated in the leads will go to the 
shield and the other half will go to the bomb. 
Fugate (40) determined the volume of the bomb to be 2.902 ± 0.002 
cm^ at T=0 and an internal pressure of 1 bar. Since the bomb is to be 
used under varying pressures, the volume must be known as a function of 
pressure and this is indicated in Figure 4. 
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Figure 4. Change in bomb volume with pressure at 0°C (from Reference 40) 
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High Pressure System and Fill Capillary 
The basic component of the high pressure system is the oil-gas 
separator originally built by Autoclave Engineers, Inc., and then 
modified by them for the present work with the addition of a 286 stain­
less steel liner. The liner is necessary since hydrogen has a tendency 
to attack and weaken normal alloy steel. The separator itself is simply 
an enclosed hollow cylinder with a movable piston inside. A silicon oil 
(Dow Corning 200 fluid) is pumped into the oil side of the piston with a 
high pressure hydraulic pump, thus compressing the gas on the opposite 
side of the piston. A 2750 bar Heise gauge is used to monitor the pres­
sure in the oi1. 
All connections to the high pressure system use commercially avail­
able 304 stainless steel high pressure tubing. The line running to the 
fill capillary passes through a liquid nitrogen cold trap to remove any 
condensable impurities. The fill capillary is connected to the high 
pressure tubing with silver-solder. 
The fill capillary initially was 26 gauge, 304 stainless steel 
hypodermic tubing. During the initial experimental tests, the capillary 
burst approximately one foot above the bomb. No currently available 
hypodermic tubing could be found that would contain the pressures 
desired in this experiment. Thus, an annealed 304 stainless steel 
capillary was used which had an outside diameter of 1/32 in. and a 
0.010 in. wall thickness. This capillary was spliced onto the broken 
hypodermic tubing still connected to the bomb. Stainless steel wire was 
drawn through the capillary before installation to cut down on the 
amount of hydrogen present in the capillary. 
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Gas Handling System 
Figure 5 shows the interconnection between the high pressure system 
and the other apparatus needed for dealing with gaseous hydrogen. The 
arrow on the right leads to the bomb fill capillary which exits from the 
cryostat in Figure 2. 
The hydrogen used in this experiment is taken from a cylinder of 
zero gas hydrogen purchased from the Matheson Gas Products Co. This is 
a high purity gas that contains less than 0.5 ppm total hydrocarbons. 
The conversion to parahydrogen is done in an auxiliary dewar system 
which consists of a glass bulb that can be raised and lowered over the 
surface of liquid helium. The glass bulb contains chromium-impregnated 
alumina pellets which serve as the catalyst for the ortho to para con­
version. Hydrogen is liquefied in the bulb and adjustments in the height 
above the helium are made to maintain the hydrogen in the liquid state. 
The liquid state must be used to insure contact of the hydrogen with the 
catalyst. As determined in a separate experiment using the ortho 
analyzer described below, statistical equilibrium is reached within an 
hour. 
The parahydrogen now can be recovered from the conversion apparatus 
and stored in a variety of glass storage vessels. Since the separator 
requires an initial pressure of up to 50 bar for its most efficient 
operation, a cryopump is used to move the gas from the glass system to 
the separator. The cryopump is a & inch stainless steel tube closed at 
one end with a brass plug. In operation, the cryopump is placed in a 
helium dewar and opened up to the glass storage vessels. Once all of 
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the hydrogen is condensed in the cryopump, the glass system is valved 
off, the valve to the separator is opened, and the cryopump is slowly 
removed from the helium dewar and allowed to warm to room temperature. 
In order to obtain the desired 50 bar pressure in the separator, the 
conversion process and the pumping process had to be done several times. 
The parahydrogen now is compressed and condensed into the high 
pressure bomb (specific procedures will be discussed in the next chapter), 
and measurements are made. In order that the number of moles in the 
sample may be determined, the sample is warmed up and recovered in the 
glass system where the pressure, temperature, and volume are measured. 
The pressure is measured with a mercury manometer-cathetometer system 
which, on correction to standard temperature and gravity, should be 
accurate to better than a few hundredths of a percent. The glass bulb in 
which the hydrogen is collected has a volume of 5194.36 ± 0.02 cm^ at 
25 C, but this does not represent the true volume of the gas. Correc­
tions must be made to allow for the volume in the mercury manometer and 
also for the volume of the tubing that connects the glass system and 
cryostat. This dead volume was determined by expanding gas from a small 
standard volume (V = 488.57 ± 0.02 cm^ at 25 C). The result is expressed 
as a function of the pressure in the manometer, 
V. . = 323.56 + 0.1870 P(mmHa) deaa 
where the units are in cm^. The uncertainty in this quantity is probably 
± 1 cm^, but since is to be added on to the large standard volume, 
the error becomes less than 0.1%. Both standard volumes are submerged 
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in a water bath where the temperature can be controlled to within a few 
millidegrees as determined from a calibrated platinum thermometer. 
The orthohydrogen concentration of the recovered sample is measured 
using a common technique based on the different thermal conductivities of 
orthohydrogen and parahydrogen (11). Two identical glass tubes of the 
design shown in Figure 6 were constructed with a filament resistance of 
40n at room temperature. The two tubes are connected into a Wheatstone 
bridge which is powered by a constant current supply. Each tube forms 
one branch of the bridge while the other branches are appropriately 
chosen resistances which allow balance to be adjusted on a variable 
res i stor. 
In operation, the two tubes are submerged in liquid nitrogen and a 
standard hydrogen sample (either normal hydrogen or parahydrogen) is 
admitted to both tubes. The Wheatstone bridge is adjusted for a balance 
and one of the tubes is evacuated. When a sample is now let into this 
tube, the temperature of the filament will change from that when the 
standard gas was present. This results in a bridge off-balance because 
of the corresponding resistance change. The off-balance of the bridge 
can be calibrated as a function of para concentration by mixing gas 
samples of known concentrations. There are some inherent instabilities 
in the present design, but the parahydrogen concentration could be 
measured to approximately ± 0.5%. 
As will become evident in Chapter IV, the measurement of the ortho­
hydrogen concentration is of only relative importance. This is because 
conversion from parahydrogen to orthohydrogen was observed during the 
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heat capacity measurements at temperatures above 20 K. The ortho concen­
tration at low temperatures, where the effect of the ortho molecules is 
important, can be estimated from the observed heat capacity anomaly and 
the fixed pairs model (Equation (1-10)). 
Electrical System 
The electrical system basically is identical with that used by 
Fugate (40) and is described in detail in his work. The bomb thermometry 
circuit consists of a potentiometer (Guildline Nanopot type 9176) powered 
by a fixed constant current source, a microvolt null detector (Keithley 
model I5OA), and a constant current supply to power the thermometer. The 
thermometer current supply is adjustable from 0.5 ya to 1 ma and is set 
by monitoring the voltage drop across standard resistors. This wide 
range of current is necessary since the resistance of a germanium 
thermometer increases greatly as the temperature decreases. The current 
generally was set so as to maintain a voltage drop across the thermometer 
of less than 4 mV, thus avoiding self heating effects (41). The stability 
of the current supplies is excellent and so the resistance of the 
thermometer could be determined to a few parts per million. The effects 
of thermal emf's are eliminated by using a standard current reversal 
technique. 
The bomb heater circuit is completely separate from that of the 
thermometer and has its own potentiometer (Leeds and Northrup K-3), null 
detector (Keithley model 155), and constant current supply. The current 
to the heaters can be varied from 1 ya to 14.5 ma and is set in terms of 
the voltage across a standard resistor. The voltage across the heaters 
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also can be measured by using the potentiometer and so the heater 
resistance can be determined. The accuracy of these measurements is 
probably better than 0.1%. 
The time interval of the heat pulse is measured with an electronic 
timer (Computer Measurements Co., model 225C) which can measure time 
intervals to a few parts in 10^. The timer is triggered electronically 
to start and stop with the same switch that is used to apply power to 
the heaters. 
The major change from Fugate's original design is the addition of a 
controller to regulate the sample shield above 4.2 K. The basic system 
consists of a four terminal AC bridge designed to compare the resistance 
of the shield thermometers with a decade resistance box. The bridge 
off-balance, as detected on a lock-in detector, drives a controller 
which in turn powers the shield heater. The net result is that the 
shield temperature automatically can be maintained constant to approxi­
mately ± 1 mK for extensive periods of time. Below 4.2 K, temperature 
control is achieved in the same manner as Fugate by setting a reference 
manostat pressure and then pumping on the helium-filled pot through the 
manostat. 
A strip chart recorder is used to display the off-balance of the 
potentiometer used in measuring the bomb temperature and also the off-
balance of the AC bridge. This provides a visual display of any tempera­
ture drifts and is used in the actual data analysis. 
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Thermometry 
The bomb thermometer (Cryocal #4577) was calibrated at Iowa State 
University and is on TyiSU^^^^S) for temperatures less than 30 K (41) 
and on IPTS 1968 for temperatures above 30 K. The germanium thermometer 
(Cryocal #481) and the platinum thermometer used on the sample shield 
were used as sensors in an AC bridge. The bridge was calibrated against 
the bomb thermometer. 
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CHAPTER III. EXPERIMENTAL PROCEDURES 
Heat capacities in this experiment were determined using the conven­
tional heat pulse technique. The energy required to increase the tem­
perature of the sample from T - (AT/2) to T + (AT/2) can be calculated 
from the resistance of the heater, R, the current through the heater, I, 
and the duration of the pulse. At. The heat capacity then is given as 
In the ideal heat capacity experiment, complete thermal isolation 
exists between the sample and the surrounding environment. Since this 
can not be accomplished in practice, the heat leaks generated by imper­
fect isolation can be compensated to first order by maintaining the sam­
ple shield at the midpoint temperature of the heat pulse, 
^Shield = 
Sniali temperature drifts therefore are observed for the sample both 
before and after the heat pulse as it tends towards thermal equilibrium 
with the shield. These drifts can be compensated by extrapolating the 
strip chart traces of the potentiometer off-balance for the sample 
thermometer to the midpoint in time of the pulse. In order to accurately 
extrapolate the temperature drift after a heat pulse, the sample must be 
allowed to come to thermal equilibrium. This can be determined by when 
the temperature drift becomes approximately linear in time. 
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The temperature drifts in this experiment permitted 1 to 15 percent 
of AT to be displayed full scale on the strip chart recorder. Since 
the extrapolation could be determined from the traces to approximately 
one percent, an uncertainty in AT of ± 0.1% is not unreasonable. 
Thermal equilibrium after a heat pulse was almost instantaneous for tem­
peratures below 10 K and took as long as 5 minutes at the higher tem­
peratures . 
The effect which the sample shield temperature has on a heat 
capacity measurement was tested at both 8 K and 20 K by repeatedly 
measuring the bomb heat capacity for different shield temperatures. At 
8 K, the data agreed to approximately ± 0.1%, while at 20 K, where the 
shield was as much as 5 K below the bomb temperature, the agreement was 
within ± 0.2%. No systematic differences were observed which depended 
on the shield temperature. Evidently, any heat leaks between the bomb 
and the shield are adequately accounted for In the method for dealing 
with temperature drifts. 
Consideration also must be given to the possibility of iocai 
heating of the heaters which can cause a systematic error in the deter­
mination of the heater resistance. This error arises because the heater 
resistance must be measured with a much smaller current than that used 
during the heat pulse to avoid warming of the sample. Thus, any local 
heating during the heat pulse can cause the resistance of the heater to 
increase above the measured value. This effect should be present only 
above 20 K where the heater resistance starts showing a temperature 
dependence. The local heating was investigated experimentally near 45 K 
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by monitoring the voltage across the heater during a pulse, and indeed, 
a 0.2% increase in the heater resistance was observed. This means that 
the calculated heat capacity using the measured value of the resistance 
is actually too small. However, a second competing effect must be con­
sidered. Since the temperature dependence of the heater is known, the 
0.2% increase in heater resistance can be attributed to a local tempera­
ture rise of roughly 6 K. This means that there should be a greater 
heat loss through the electrical leads to the shield, which in turn 
implies the calculated heat capacity is too large. 
The magnitude of the local heating should be directly related to 
the power into the heater, and so a check was done at 25 K by repeatedly 
measuring the heat capacity as the current was varied from 2.25 ma to 
10 ma. The results of this test showed a decrease in the measured heat 
capacity of 0.3% with increasing current. A second test was run at 
25 K by fixing the current at 7 ma and varying the time of a pulse from 
10 seconds to 140 seconds, and this showed an increase in the measured 
heat capacity of 0.2% with increasing time. A definite conclusion can 
not be drawn as to which of the effects discussed in the preceeding 
paragraph is dominant, but the effects on the measured heat capacity 
appear to be at the few tenths of a percent level. 
Ideally, an integrating voltmeter could be used to give the integral 
of VdT and thus take into account the changing resistance. This was 
2 
attempted with agreement to about ± 0.5% with the I R technique. The 
large discrepancy for these two methods was traced to a drift in the 
2 
zero of the integrating voltmeter. Consequently, only the I R technique 
has been employed. 
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The uncertainties introduced by the local heating have been minimized 
by using as small a current as possible (I <10 ma) and by limiting the 
time of a pulse to between 30 and 60 seconds. Below 10 K where the cur­
rents were typically less than 1 ma, the temperature increment was chosen 
to be approximately 5% of the absolute temperature, while above 10 K 
where heating effects will start becoming important, the temperature 
increment was limited to roughly 0.5 K to avoid the necessity of high 
currents and long time intervals. A further comment on the heating 
effects will be made when the data analysis is considered in Chapter IV. 
Addenda 
The empty bomb, the germanium thermometer, and the bomb heaters are 
referred to as the addenda. The heat capacity of the addenda must be 
determined in a separate experiment so that it may be subtracted from 
the total measured heat capacity when a sample is present. Since the 
addenda contribution is basically metallic, the following equation was 
fit to the addenda data: 
C .. = A.T + A.T^ + ArT^ + ... . (I I 1-3) 
add 1 3 5 
Three sets of addenda data are used in the course of the experiment 
with the fits given in Tables 1-3. Since the whole temperature range 
can not be fit adequately with one equation, three ranges have been 
used. The break at 3.4 K is made because of the heat capacity discon­
tinuity which occurs when the indium used to seal the bomb becomes super­
conducting below this temperature. No heat capacity measurement ever 
was made which spanned 3.4 K. The 16 K junction between the upper and 
50 
Table 1. Fit constants for the first addenda measurement 
using heater 3 (in units of mj/K) 
F,, estants .«s. (« 
= 7.428124870 X 10~^ 
1.26 < T < 3.4 K = 1.820310576 x lO"^ 
A^ = 6.502512569 x lo"^ 0.188 
21 data points A^ = -5-731209519 x loT^ 
Ag = 1.985516959x10"^ 
A^ = 6.317344029 X 10"^ 
A, = 5.501971884 x lO"^ 3 
3.4 < T < 16.0 K A^ = 4.159371622 X 10 -6 
A^ =  -6.027976370 X  10"^ 0.089 
16 data points A^ = 4.012442623 x 10 ^ 
A,,= - 1 . 0 3 1 1 2 2 0 1 1  X  l o T ^ I  
A , 2 =  9.520251919 X  l O 'lS 
A^ = 1.472457092 
16.0 < T < 55.0 K A^ = 4.280956768 X  10"^ 
Ac = 2.076549083 X  i o ' '  0.153 
^ -8 24 data points A^ = -2.217523073 x 10 
Ag =  7 . 1 3 1 9 5 7 6 0 5  X  l O ' T Z  
A^^ = -8.140548235 x l o " ^ ^  
',1 
Table 2. Fit constants for the second addenda measurement 
using heater 1 (in units of mj/K) 
= 7.335018678 X lO'^ 
1.35 < T < 3.4 K A^ = 3.089604591 X 10"^ 
A, = 2.699653332 x lO"^ O.I78 
— il 
27 data points A^ = -1.435342941 x 10 
Ag = 3.058361246 x 10~^ 
A^ = 6.348343084 x lo"' 
A. = 5.506248097 x 10"^ 
3.4 < T < 16.0 K A^ = -7.344140058 x lO"^ 
A^ = -4.087691652 X 10"^ 0.075 
24 data points A^ = 2.715505556 x 10 ^ 
A^^ = -6.548914475 x lo"^^ 
A,2= 5.574474946 X 10"'^ 
16.0 < T < 52.0 K 
33 data points 
: 1.618763599 
S' : 4.152344862 X  10" 2 
V : 2.381766229 X  10" •5 
V : -2.548044728 X  10" •8 / 
Aq = : 8.628269954 X  10' •12 9 
*11 " : -1.053895703 X  10" 
•15 
0.094 
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Table 3- Fit constants for the third addenda measurement 
using heater 1 and heater 3 (in units of mj/K) 
Temperature Range p;. Constants RMSO (*) 
No. Data Points 
= 7.412565954 x 10~^ 
1.26 < T < 3.4 K A^ = 2.321372279 X lO'Z 
A^ = 5.464521238 x lo"^ O.I87 
— 
18 data points A^ = -4.294644396 x 10 
Ag = 1.358939136x10"^ 
A^ = 6.272387460 x 10*^ 
A^ = 5.830470968 X 10"^ 
3.4 < T < 16.0 K Ag = -1.360715919 X 10"5 
A^ = -4.691000200 X 10"7 0.088 
21 data points A^ = 3-150015692 x 10 ^ 
A^^ = -7.599489437 x lo"^^ 
A,2= 6.464033513 x lo"^^ 
A^ = 1.877671661 
A^ = 4.149982576 x lo"^ 
16.0 < T < 54.0 K  A^ = 2.666376178 X 10*^ 
A^ = -3.144832906 x lo"® 0.065 
22 data points A^ = 1.343366094 x 10 
A ^ ^  =  - 2 . 7 7 0 8 1 3 5 7 6  X  1 0 ~ ' ^  
A, 2= 2.272200383 X lO'lS 
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middle range is arbitrarily chosen such that approximately half the data 
lie below and half above this temperature. When Equation (I I 1-3) was 
fit to the data, points were included beyond the junction temperature to 
insure a smooth transition between fit ranges. The deviation of the 
data from the fit equation is indicated by the root mean square devia­
tion (RMSD) . 
A note is inserted at this point to describe a notation that will be 
used throughout the rest of this work. The heat capacities of six samples 
were measured, with the individual samples labeled as Hg-X where X will 
take the value of one through six and indicates consecutively measured 
samples. 
The addenda as given by the fit equations in Table 1 were measured 
with heater 3. This set of fit equations was used in the analysis of 
sample and also for the data less than 4.2 K for sample H^-2. 
During the measurements on the second hydrogen sample, heater 3 indicated 
an open circuit and could no longer be used. The addenda heat capacity 
was remeasured with heater Î and Table 2 contains the corresponding fit 
equations. This second set of fit equations was used in the analysis of 
the data above 4.2 K for sample ^^"2 and in the analysis of H^-3, H2-4, 
and 
The addenda heat capacity as measured with heater 1 or heater 3 
should be identical. The fits agree at approximately 5 K but gradually 
begin to deviate at higher temperatures until at 50 K the measured 
values with heater 1 lie about 0.5% below those of heater 3- At 2 K, 
the heater 1 measurements are 0.5% higher than those for heater 3- The 
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reason for the discrepancy between these data is not known, but con­
ceivably, local effects caused by the placement of the heaters could be 
the problem. Since the sample data always were analyzed with the 
addenda fit which corresponded to the heater used, any systematic dif­
ference in the addenda should not appear in the sample results. 
Heater 1 broke during pressurization of the bomb in an attempt to 
solidify a sixth hydrogen sample. The dewar system then had to be taken 
apart so that new heaters could be wound on the bomb. Table 3 contains 
the new addenda fit coefficients for this third addenda run, with data 
for both heater 1 and heater 3 included. Any systematic difference be­
tween the heater 1 and heater 3 data are less than 0.1% as confirmed by 
the RMSD. This fit is used in the analysis of 
Sample Solidification 
Two methods for sample solidification have been used in this experi­
ment. The easiest method is a constant volume process in which fluid 
hydrogen is compressed in the bomb to a desired pressure along the 
melting line, is isolated by freezing the fluid in the capillary, and 
then is allowed to cool and solidify. The major disadvantage of this 
approach is that a pressure drop occurs in the sample as it solidifies. 
For most solids, this requires a high initial fluid pressure to obtain 
the desired pressure in the solid. However, for hydrogen, this drop in 
pressure is not unreasonably large and so constant volume solidification 
is feasible. The second solidification method is carried out at constant 
pressure. This is done in the present apparatus by keeping the fill 
capillary open and maintaining a constant pressure in the separator. 
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The bomb is cooled from the bottom by closing the heat switch and also, 
to insure a temperature gradient, a small current is used through the 
heater on the top of the bomb (heater 1). Thus, as the fluid hydrogen 
solidifies, the fluid-solid interface moves upward. When all of the 
hydrogen is solidified and the capillary entrance to the bomb is blocked, 
the bomb will start to cool rapidly and a discontinuity occurs in the 
rate of cooling. At this point, exchange gas is admitted to the vacuum 
space around the fill capillary and the fluid in the capillary also is 
solidified. Although this approach avoids the necessity of high initial 
pressures, the disadvantage is that solidification requires up to five 
hours of constant monitoring because of the relatively poor conductance 
of the heat switch which has to carry away the latent heat of fusion. 
The first problem in working with parahydrogen arises before a 
sample is even obtained. Preliminary tests showed that back-conversion 
of parahydrogen to orthohydrogen occurred in the high pressure separator 
with a rate of one percent per hour at pressures of a few hundred bar. 
The gas remaining in the separator after the solidification of sample 
(P ~ 2400 bar) was tested and found to be only 50% parahydrogen. 
As will be described below, procedures for minimizing these effects 
were developed in the course of the experiment. 
Sample Hg-l was solidified at constant volume by pressurizing the 
bomb when it was initially empty. After completion of the heat capacity 
measurements, the ortho concentration was found to be an unsatisfactory 
three percent. As a result, the following procedure was adopted for the 
rest of the samples. Parahydrogen initially was condensed into the bomb 
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directly from the glass storage vessels at a pressure of approximately 
one bar. The condensation typically took about 2k hours due to the low 
pressure and the small cross section of the fill capillary, but gave a 
fairly pure parahydrogen starting sample. The application of pressure 
from the separator now adds only a relatively small amount of "impure" 
parahydrogen to that already present, and so the effects of back-conver­
sion in the separator are minimized. 
When pressure was applied to the liquid-filled bomb, the temperature 
increased due to the incoming gas, with the temperature roughly following 
the melting curve. The first five samples were solidified at constant 
volume while the constant pressure procedure was required for the sixth 
sample because of the pressure limitation of the bomb. The constant 
volume process took about two hours to obtain a pressurized fluid sample, 
and the constant pressure solidification required an additional three 
hours with the separator pressurized to allow the fluid to solidify. 
Immediately after solidification, the melting temperature of the 
sample was determined by slowly warming and then cooling the sample 
through the melting point at different rates. The temperature of the 
sample versus time was recorded on the strip chart recorder, and a dis­
continuity in the slope occurs at the melting temperature due to the 
difference in heat capacities of the solid and two phase mixture. This 
permits an accurate determination of the melting temperature, T^. 
These measurements also were repeated after completion of the heat 
capacity data where no change in T^ was ever observed. Six to ten in­
dependent measurements of T^ usually were made with an RMSD of less 
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than 0.02 K for the first four samples and an RMSD of approximately 
0.05 K for Hg-S and H2-6. 
After annealing the sample for about two hours just below the 
melting temperature, the sample was cooled to 4 K overnight. Heat capac­
ity measurements then were begun. 
Data Collection Specifics 
Data generally were taken by starting at the lowest temperature and 
progressing upwards. The shield was set at the desired temperature T, 
with the bomb set at T - AT/2. The heat pulse was applied and the bomb 
warmed to the temperature T + AT/2. The shield and bomb then were warmed 
up and set for the next data point. This was the ideal procedure, with 
the presence of small ortho concentrations requiring modifications at the 
lowest temperatures. 
The major difficulty is caused by the heat which is released as 
ortho pairs convert to parahydrogen. Even though the 4 K heating rate 
-7 -6 
was only 10 to 10 watt, the resulting temperature drift in the bomb 
at 2 K was from 10 to 100 times greater than that observed in the addenda 
runs. This heating was constant over the period of a heat pulse, and so 
could be cancelled by setting the shield at a temperature sufficiently 
below the bomb temperature such that the sample was warming before the 
pulse and cooling after the pulse. The lowest temperature at which data 
could realistically be taken was approximately 1.5 K. Even then, with 
the shield at 1 K, it was necessary to close the heat switch partially 
to cancel out some of the conversion heating. As mentioned earlier in 
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this chapter, the measured heat capacity is quite independent of the 
shield temperature and so the above procedure should be valid. 
The actual change in orthohydrogen concentration due to this con­
version can be calculated. The energy difference between ortho and para 
molecules is about 2.36 x 10 joules or 171 K, so a heating of 10 ^ 
watt corresponds to a concentration change of 0.04 percent per day for a 
0.15 mole sample. All low temperature data (T <'v 5 K), which show the 
major effect of the orthohydrogen, were taken over a period of less than 
ten hours, and so any concentration changes are negligible. 
An unexpected burst of heating occurred near 13 K during the 
measurements on H2-3 which is attributed to a rapid conversion of ortho­
hydrogen to parahydrogen. After making a complete run on H2-3, the 
sample was cooled back to the temperature where the burst of heating was 
observed and was allowed to remain there for three days. Data then were 
retaken in the low temperature regime and compared with the first set of 
data. The low temperature anomaly due to ortho pairs, which was dis­
cussed in Chapter i, had decreased by a factor of four in this second 
data set. Sample was solidified and was allowed to sit at 13 K 
for two days before data was taken. A burst of heating subsequently was 
observed of much smaller magnitude and at a lower temperature than that 
of H2-3. Thus, a systematic search for the heating was made in samples 
and This was carried out by fixing the shield temperature 
and measuring the heating rate due to the ortho conversion as the bomb 
warmed through the shield temperature. A rapid increase in conversion 
was found to occur at a definite temperature in both samples. 
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Consequently was allowed to sit for six days, and Hg-G for one week 
in the region where rapid conversion of orthohydrogen was observed. A 
detailed analysis of these experiments will be given in the next chapter 
when results are discussed. 
In the course of the experiment, problems arose in the tentative 
analysis of the data which indicated that clustering of the orthohydrogen 
molecules was occurring. This was checked in samples Hg-S and by 
repeatedly measuring the heat capacity as a function of time at a fixed 
average temperature. The complications introduced by these clustering 
phenomena also will be discussed in Chapter IV. 
Sample Recovery 
The same recovery procedure was used for all six samples. The bomb 
was cooled to 4 K and the capillary heater was used to unblock the 
capillary. The gas contained in the capillary was pumped away and dis­
carded. The cryostat was allowed to warm to room temperature over a 
period of about 24 hours with the recovered gas collected in the large 
standard volume. The pressure, volume, and temperature of the gas then 
were determined using the equipment discussed in the previous chapter. 
The ideal gas law is used to calculate the number of moles in the 
recovered sample. Deviations from non-ideality represent a contribution 
to the error in this experiment of a few hundredths of a percent as can 
be determined from the virial coefficients (42). This calculated 
quantity of gas is not actually the number of moles present in the sam­
ple. Approximately 0.07% of the recovered gas is due to solidified 
hydrogen in the segment of the capillary that runs from the top of the 
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bomb to the lowest point of the capillary heater. One third of this 
quantity of gas was assumed to be part of the actual sample. 
Now, to determine the molar volume of the sample, the bomb volume 
is needed. Figure 4 shows the bomb volume varies by approximately two 
percent over the pressure range from one bar to 2.5 kbar, and, on cor­
recting for the increase in the elastic modulus of beryllium copper at 
low temperatures, this pressure dependence can be given by (40) 
^bomb ^ 2-902 cm^ (1 + 6.62 x lO"^ bar"' x P) . (111-4) 
Since the melting temperature of the sample is known, the melting pres­
sure can be determined from the pressure-tempefature melting curve of 
Goodwin and Roder (43), 
(P - P ) 
. J) = Ae"*/T + BT , (il 1-5) 
where P^ = 0.0695 atm, = 13.803 K, A = 30.3312 atm/K, a = 5-693 K, 
2 
and B = 2/3 atm/K . Thus, the measured number of moles and the volume 
determined from Equations (111-4) and (111-5) can be used to calculate 
the molar volume along the melting curve, V , for each of the six samples. 
m 
The pressure drop in the sample in cooling from the melting temperature 
to T=0 can be estimated from the equation of state data of Dr lessen e_t 
al. (44), or it can be calculated self-consistentiy from the present 
data. This permits a determination of the T=0 molar volume, V(T=0). As 
will be seen shortly, the maximum difference between and V(T=0) is 
0.16%. 
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After completion of tlie molar volume determination, part of the 
sample was used to determine the parahydrogen concentration. 
62 
CHAPTER IV. RESULTS AND DISCUSSION 
A summary of the physical properties of the six hydrogen samples is 
given in Table 4. The values in parentheses represent the actual 
measurements of the molar volumes and temperatures along the melting 
line, while the corresponding pressures are those calculated from the 
melting relation of Goodwin and Roder (43). The first set of entries 
for each sample refers to the molar volume at T=0 since the final anal­
ysis was carried out in terms of this quantity. 
The third column in Table 4 gives, first, the orthohydrogen concen­
tration as determined from the recovered gas after completion of the 
heat capacity measurements, and second, the concentration as calculated 
from the observed low temperature anomaly and the expression for 
given in Equation (1-10). This calculated concentration considers only 
ortho pairs and so any isolated singles have not been included. 
Except for sample Hg-G, the calculated ortho concentration is within 
a factor of two or three of the measured value, and is lower as expected. 
The large discrepancy for Hg-G probably is associated with back-conver-
sion of the parahydrogen sample at high temperature due to catalysis by 
the bomb construction materials. Evidence for this is given by a ten­
dency for the bomb to cool at temperatures above 20 K, with the cooling 
rate equal to approximately 5 x 10 ^ watt (or 16%/day) at 44 K. Slight 
cooling was observed for the other hydrogen samples, but the lower pres­
sures and temperatures resulted in a much smaller magnitude and an effect 
which could not really be detected in the orthohydrogen concentration 
measurement. 
Table 4. Physical properties of the six hydrogen samples 
Sample v" 
(cm /mole) 
Ortho 
Concentration 
(%) 
n 
(mole) 
T ^ 
m 
(K) 
p a,c 
m 
(bar) 
P 
0 
(bar) 
0 
0 
(K) Yo 
B 
0 
(bar) 
"2-' 22.221 (22.229) 
3.0; 1.4 0.13067 17.377 
(17.352) 
121.2 
(120.2) 
91.9 134.5 2.249 2366 
"2-2 22.787 (22.795) 
1.1;  0 .32 0.12738 15.667 
(15.644) 
59.6 
(58.9) 
36.5 126.5 2.289 2008 
"2-3 19.120 (19.132) 
0.7; 0.48 0.15248 30.357 
(30.291)  
761.3 
(757.4) 
666.5 184.7 2.028 5588 
"2-4 20.685 
(20.698)  
<0.5; 0.14 0.14058 22.822 
(22.768)  
355.1 
(352.5) 
302.2 156.2 2.140 3641 
"2-5 17.458 (17.476) 
<0.5; 0.25 0.16769 40.944 
(40.811) 
1477 
(1467) 
1306 221.6 1.910 8808 
Hg-G 16.193 
(16.219) 
8.8; 0.07 0.18176 51.776 
(51.534) 
2374 
(2352) 
2104 254.2 1.820 12540 
^Values in parentheses indicate measurements along the melting line before the correc­
tion to V(T=0). 
'^Directly measured; calculated from 
''Values are determined from the melting relation of Goodwin and Roder (43). 
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Samples Hg-) and Hg-S have two sets of data which correspond to 
ortho concentrations which existed before and after aging the sample in 
the region of rapid ortho conversion. Since data set 2 of Hg-S and data 
set 1 of Hg-S are limited mainly to the lower temperatures, they have 
not been used in determining the lattice properties of the solid, and so 
the results in Table 4 do not reflect these data. Only one set of data 
was taken for each of the other samples, and a complete discussion of the 
sample data will be given in the following sections. 
Data Analysis 
The measured heat capacity contains contributions due to the sample 
and to the empty calorimeter or addenda. Figure 7. which gives the ratio 
of the addenda and sample heat capacities for several of the measured 
isochores, shows very clearly one of the problems in carrying out con­
stant volume or high pressure heat capacity measurements. In an ideal 
experiment the contribution of the addenda should be small, but because 
a fairly massive bomb must be used to contain the pressure, the addenda 
contribution is very significant. Figure 7 suggests that for the smallest 
molar volume an accuracy of 0.1 percent for the total heat capacity 
measurement will result in a 0.4 percent determination of the sample 
heat capacity. The sharp low temperature hooks which are seen in the 
figure are due to the ortho anomaly. 
Further comments now can be made about the effects of the local 
heating of the bomb heaters. The energy added to the bomb can be written 
as 
6î> 
CM 2.0 
X 
o 
û 
Q 
17.458 cm^/mole . 
-"^0.685 cm^/mole 
22.787 cm^/mole 
20 30 40 50 
T(K) 
Figure 7. Comparison of addenda and sample heat capacity 
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I^RAt + Qd ,At) 
where Q(l,At) represents a correction to the measured heat input due to 
the local heating of the heaters. From the tests described in the last 
chapter,G(I,At) is approximately a 0.2 percent correction as determined 
over a wide range of current values and time intervals. Since the sample 
heat capacity generally is of the same magnitude as that of the addenda, 
both the addenda and sample measurements involve currents and time inter­
vals which are within a factor of two of each other. Thus, the correc­
tion 0(1,At) will cancel to first order upon the subtraction to obtain 
the sample heat capacity, and uncertainties in an absolute measurement 
of the addenda will not propagate into the sample determination. If the 
sample heat capacity were much larger than that for the addenda and the 
heat pulses required vastly different currents or time intervals for the 
two sets of data, the above argument would not be valid. 
The raw data after correction for the addenda contribution now can 
be expressed in terms of a molar heat capacity using the data in column 
four of Table 4. This result is not actually a constant volume measure­
ment since the thermal pressure in the hydrogen increases during a heat 
pulse and the bomb expands slightly. This measured heat capacity, 
C , can be corrected to C in the following manner. The measured 
meas v 
heat capacity is given by the sum of two terms. 
where the subscript "expt" refers to the conditions of this experiment. 
C 
meas 
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The volume derivative can be expressed as a function of the physical 
characteristics of the bomb through 
( » ) „ , - ( s L - i i f U s ) .  •  
where the effects of the bomb's thermal expansion are contained in the 
first term and the effects of the changing internal pressure are in the 
second term. Equation (1-52) and the Gruneisen relation (Equation (1-58)) 
now can be used to rewrite Equation (lV-1) as 
Ty^C^ / 3V \ TyC , 3V \ 
bomb bomb 
Below 77 K, the thermal expansion of the bomb is negligible (45), so 
ty^C^ 
 ^ = C.eas - --V-^Kbomb 
where k, , = 1 = 6.62 x 10 ^ bar ^ follows from Equation 
bomb VV9P/bomb 
(I 11-4) and Figure 4. Since the correction is small, on the right 
may be replaced by C to give 
meas 
ty^C^ 
The value of y required to make this correction could have been deter­
mined self-consistently as will become clear later, but for convenience 
an average value, y = 2.30, was selected. This is somewhat greater than 
the value of y^ given in Table 4 but is reasonable because y^ increases 
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between 0 K and the melting line, and the major contributions to Equation 
(IV-5) are at the highest temperatures. The maximum uncertainty asso­
ciated with this approach occurs in sample near 50 K where a O .3  
percent systematic deviation may exist. Figure 8 shows the magnitude of 
the C to C correction. 
meas v 
The application of Equation (lV-5) yields a true value for the 
constant volume specific heat, but the result refers to the volume at 
which the measurement was made. The data must be corrected for the 
slight expansion of the bomb to the T=0 molar volume, V(T=0). The impor-
( \ 
tant quantity needed for this correction is j which was deter­
mined by plotting smoothed values of In C versus V for several 
^ / 3C \ 
isotherms. These plots were roughly linear in V, so ^ j could be 
determined easily. The magnitudes of this small correction are shown in 
Figure 9 where the correction was assumed to be zero for T < 8/10. 
The complete heat capacity data for the six hydrogen samples are 
found in Appendix A. The data presented there are corrected to the T=0 
molar volume. 
Molar Volume 
The measurements of the molar volume along the melting line repre­
sent the first direct measurement in this pressure range. The data can 
be described within the estimated uncertainty of 0.1 percent by the 
equation 
V = 37.989 - 5.5269 In T (cmVmole) , (lV-6) 
m m 
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0.8 
Y 0.6 
- 22.221 
. 22.787 /: 
0.0 20 30 40 50 
T(K) 
Figure 8. Correction for the bomb expansion; AC^ = G meas - G V 
.A 22.787 cmVmole 
B 22.221 
20.685 
D 19.120 
E 17.458 
16.193. 
A 
20 30 
T(K) 
Figure 9. Correction to V(T=0) 
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where Figure 10 shows the deviation of the data from this relation. 
Younglove (46) presents an equation for the molar volume which is based 
primarily on calculations using fluid densities and the Clapeyron equa­
tion and is a corrected version of the earlier work of Dwyer et al. (47). 
The relationship between his results and Equation (IV-6) also is given 
in Figure 10. Considering Younglove's estimated uncertainty of 0.2 
percent, the agreement in the overlap region is excellent. An extrapola­
tion of Equation (IV-6) to lower temperatures appears to yield values 
about 0.4 percent higher than Younglove's at the triple point (13-80 K), 
where Younglove is in excellent agreement with the triple point value of 
23.386 cmVmole given by Grilly (48). 
The experimental values for the melting temperature are given in 
parentheses In Table 4. These were adjusted to correspond to the T=0 
molar volume by using (dV^/dT^) as calculated from Equation (IV-6). The 
adjusted values are the first value listed in column five of Table 4. 
Orthohydrogen Pairs Anomaly 
The heat capacity contribution of the ortho pairs completely domi­
nates the lattice heat capacity at low temperatures. This is illustrated 
in Figure 11 which shows actual data for several of the measured iso-
chores. The solid lines show the lattice contribution to the heat 
capacity and the open and closed triangles show differences resulting 
from tnc sample aging at the temperature where the enhanced ortho-para 
conversion occurs. 
The fixed pairs model has been assumed for the analysis of the 
ortho anomaly. The validity of this approach is demonstrated in 
0.3 
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a I 
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0.1 
-0.2 
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Figure 10. Deviations from the fit equation which represents the molar volume on melting. The 
solid circles are the present data and the smooth curve represents the equation of 
Younglove (46) 
73 
> 30 
T(K) 
Figure 11. Low temperature heat capacity data showing the effects of 
the ortho impurities. Tné solid lines represent the lattice 
contribution 
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Figures 12 and 13 where the anomaly (non-lattice) heat capacity data are 
compared with the fixed pairs model (Equation (I-IO)) as scaled by the 
indicated number of ortho pairs. The values of F are determined by a 
procedure outlined below and are found to be in relatively good agreement 
with what is expected from low pressure determinations of other experi­
ments (2,18). The data are observed to follow the fixed pairs model 
quite closely and have a different shape from that which would be ex­
pected from the equilibrium pairs model as displayed in Figure 1. The 
deviations in Figure 13 above k„T/r = 2 most likely are due to clustering D 
effects. Only the two extreme samples are shown in Figures 12 and 13, 
with the other four samples exhibiting similar behavior. 
At high temperatures where kgT » r, the expression for the heat 
capacity anomaly in the fixed pairs model (Equation (1-10)) is expected 
to be of the form 
Can ° "pSair ° . (IV-7) 
where n^ is the number of nearest neighbor pairs and x = (r/kgT). This 
relation suggests that a plot of versus x should be linear. To 
kgX 
examine the validity of this approach, 26 values of 0^^.^ were calculated 
for 0.2 ^ X ^ 0.7 and were plotted in the above manner. The results were 
found to give a reasonably linear relationship even though x =- 0.7 is 
at the maximum in the heat capacity curve. The deviations of the exact 
expression from the two term approximation of Equation (lV-7) with 
A = 7 901 and B = -8.399 are given in Figure 14. The reason for choosing 
X = 0.2 as the lower limit will be discussed shortly. 
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Figure 12. Low temperature anomalous contribution to the heat capacity. 
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Figure 13. Low temperature anomalous contribution to the heat capacity. The smooth curve 
represents the fixed pairs model and the solid circles are data after the subtraction 
of the lattice effects 
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Figure 14. Deviation of the fixed pairs model from the two term approxi­
mation, Equation (IV-7) 
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Equation (IV-7) is not in a form that can readily be used with ex­
perimental data, and so it is generalized to 
= A'T"^ + B'T"3 , (iV-8) 
where A' and B' now represent fit coefficients to be determined from the 
experimental data. A comparison of Equation (lV-7) and (IV-8) yields 
f • F-( f ) = -"•9'" ( ) ('V-9) 
and 
nA ,3 n = — =- = (l.OA X 10 K/J) , (IV-10) 
P Akg(r/kg)Z B'^ 
where n is the number of moles of hydrogen in the sample (see Table 4). 
The low temperature heat capacity as measured in this experiment is 
a complicated function of both lattice and anomalous contributions. The 
lattice contribution can be assumed to be given by 
Satt = ' ('V-'') 
where the T^ dependency follows from the Debye model and the T^ dependency 
is a small correction term. With the anomalous heat capacity given in 
Equation (IV-8), the measured heat capacity per mole is 
^ + C.att • CV-'Z) 
In order to separate the two terms, an approach has been followed which 
is similar to the technique employed by Ahlers (1). The coefficient A^ 
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can be estimated from data in the temperature range of 5 to 10 K using a 
3 2 plot of Cy/T versus T , and since the anomalous contribution is small 
in this temperature region, the resulting coefficient should be quite 
satisfactory. Now Equation (lV-12) is rewritten as 
V ' -  V '  •  
Since is the only unknown parameter on the right hand side of this 
2 
equation, it can be varied systematically until a plot of versus 
-] 
T yields a straight line, from which A' and B' then can be determined. 
A computer program was written to carry out this procedure where the best 
linear fit was determined by the minimum in the RMSD of the data. A 
check also was run to determine the effect of varying A^, with the re­
sults indicating the above approach to be quite adequate. 
Figure 15 shows graphically the results of this fitting procedure 
for sample data set 1. Data above 5 K generally could not be used 
in these anomaly determinations since for these temperatures the contribu­
tion of the anomaly is very small and large scatter is introduced on sub­
traction of the lattice heat capacity. This is the reason Equation 
(IV-7) was considered for only x > 0.2. Figure 16 shows the anomaly for 
the same sample as in Figure 15 but after the sample had been aged in the 
accelerated conversion region for three days. This graph shows a problem 
which arose also in samples Hg-A and H2-6. A definite high temperature 
deviation from a straight line exists which can not be adjusted by 
varying the A^ coefficient. This deviation is believed to be caused by 
the clustering of ortho molecules. When taking data, the sample is 
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cooled from 4.2 K to the lowest temperature over a short period of time 
(< 1 hr.), during which a minimal amount of clustering occurs. Since 
the time constant which characterizes clustering increases at these 
lower temperatures (16,17), the lowest temperature data presumably should 
follow the fixed pairs model. However, some additional clustering occurs 
as the low temperature data are taken and this will tend to cause an 
increase in the number of pairs and hence in the measured heat capacity. 
Thus, as the data are taken and the sample is slowly warmed, an increase 
should occur above a fixed pairs fit to the low temperature data, as is 
observed. This deviation was not seen in the samples with higher ortho 
concentration because of an increase in the time constant with increasing 
ortho concentration (4). Only the lowest temperature data are used to 
determine the coefficients A' and B' in Equation (lV-13). 
Table 5 contains a summary of the above pairs analysis for the six 
samples. Sample was unique in that an excess curvature in the 
2  - 1  C^^T versus T plot made it impossible to obtain a computer-generated 
linear fit which minimized the RMSD. The coefficients were determined 
2 from a hand drawn line through the C T plot where C was calculated 
= an ^ an 
from Equation (lV-13) using an estimated value of which is given in 
parentheses in Table 5- Data set 1 of sample Hg-S contained data only 
for temperatures greater than 4 K, so clustering effects preclude any 
meaningful analysis. Some of the lowest temperature data for were 
not used since they correspond to r/kgT > 0.7. 
The electric quadrupole coupling constant, r/k„, is shown in Figure D 
17 as a function of the molar volume. The solid circles represent the 
Table 5. Pairs contribution to the heat capacity* 
Sample A' 
(mj K/mole) (mj K^/mole) 
r 
(K) 
"P'-A" 
(10 ^ mole) 
^3 
(mJ/mole K^) (mJ/mo1e K*) 
*0= 
(K) 
505.3 - 565.8 1.05 9.09 0.791 5.825 X 10"3 134.9 
"2-2 104.4 - 111.1 1.00 2.03 0.959 7.12 X 10"3 126.6 
Hg-): Set 1 2)8.4 - 270.2 1.16 
•1.18 3.64 0.307 1.06 X I0"3 185.0 
Set 2 47.29 - 60.39 1.20 0.789 0.301 1.06 X lO'S 186.2 
Hg-A 58.80 - 71.94 1.15 0.952 (0.509) 2.50 X 10"3 156.3 
Hg-S: Set I 793.4 -1780.5 - - 0.1765 4.46 X 10"* 222.5 
Set 2 l(>2.3 - 243.9 1.41 2.08 0.1805 4.46 X loT^ 220.8 
H2-6 51.79 - 82.76 1.50 0.637 0.1198 2.06 X 10"^ 253.2 
^Parameters are defined In Equations (IV-8) to (IV-13); Is Avogadro's number. 
'^Values for are based on the average value for r/k^; values in Table 4 represent 2np. 
^'Calculated from A^; see Equation (IV-15) and the discussion in the next section. 
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Figure 17- A log-log plot of the electric quadrupole-quadrupole coupling 
constant as a function of the molar volume 
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data from Table 5, and the dashed line indicates what would be predicted 
from the zero pressure value of r/k„ = 0.9 K given by Roberts and Daunt 
d 
(2) and the theoretical variation of T as V (Equation (1-9)). The 
agreement is quite good when all of the assumptions involved in calcu­
lating the electric quadrupole coupling constant are considered. The 
electric quadrupole-quadrupole interaction appears to remain the dominant 
mechanism between ortho pairs over the range of pressures up to 2350 bar. 
Table 5 indicates that the pairs contribution for sample Hg-G is 
very small. This is the major indication that the low temperature data 
of Hg-G were taken with a very low ortho concentration and that back-
conversion above 20 K was the cause of the measured ortho concentration 
being so large. The effect of aging the sample in the region of enhanced 
ortho to para conversion is also evident in the results for samples 
Hg-S and In each case, the first data set, which was taken before 
the aging process, shows a larger heat capacity anomaly due to ortho 
pairs than does the second data set which was taken after the aging. 
Lattice Heat Capacity and the Debye Model 
The lattice heat capacity for a nonmetallic solid can often be ex­
pressed by the series expansion 
C. = A,T^ + + A^T? + ... , (lV-14) 
where the T^ term follows from the Debye model and the higher order 
terms result from expanding the density of states In even powers of the 
frequency (49). The T^ coefficient, A^, is of interest because it 
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permits the calculation of the Debye temperature. Comparison with 
Equation (1-37) yields 
One method for determining the Debye temperature is to use the values 
and these calculations are found in the last column of Table 5. The 
topic of this section is the determination of the lattice heat capacity 
over the full range in temperatures, which will be shown to yield a 
second and virtually independent determination of 0^. 
The lattice contribution to the heat capacity is found by sub­
tracting from each data point the pairs contribution given by Equation 
(iV-8) and the values in Table 5- Appendix A contains tabulations of 
both the lattice and anomalous heat capacity along with the total 
measured heat capacity. Figure 18 displays a comparison between the 
pairs ar.d lattice contribution to the heat capacity for three samples and 
shows the vanishing effects of the ortho pairs above 4 K. 
The fixed pairs expressions of the last section do not take into 
account the clustering effects which were discussed in connection with 
Figure 16. Thus, this excess heat capacity is reflected in the lattice 
contribution and creates an apparent hump in the data as shown in 
Figures 19 and 20. This hump represents an effect which is one or two 
percent of the lattice contribution, and so the only really useful data 
are those which occur at temperatures above this excess. Samples Hg-l, 
Hg-Z, and data set 1 of showed no apparent hump in the lattice data. 
0 O (IV-15) 
for A, which resulted from the ortho pairs analysis of the last section 
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Figure 18, Comparison of the pairs heat capacity and the lattice heat 
capacity for samples H^-2, data set 1 of H^-3, and Hg-S 
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90 
Equation (lV-14) was fit to the lattice heat capacity data with the 
resulting fit coefficients displayed in Tables 6 through 12. Large 
scatter appears in the lattice results below 3 or 4 K due to the domi­
nating influence of the ortho anomaly, so the data have been weighted by 
C, /C^ ^ , where ^ , represents the total measured heat capacity, lattice total total ' 
At high temperatures, the weighting factor is unity while at the lowest 
temperatures it may be as small as 0.2. The temperature range for which 
the data were fit is noted on the left of each table, where in the actual 
fitting, the fits were extended into neighboring ranges to insure a 
smooth transition. As indicated above, the lowest data point actually 
used in the determination of the fits was chosen to avoid the clustering 
contribution. The fit equations for H^-l, 2, 3, and 5 are considered to 
give valid extrapolations to T=0. Samples and Hg-G show excess low 
temperature curvature in the extrapolation of the fits and give unreason­
able T^ coefficients. Thus, the low temperature lattice heat capacity 
for these two samples was determined by plotting C, /T^ as a function lattice 
2 
of T and then drawing a linear extrapolation of the higher temperature 
data. Data set 2 for sample ^^-3 was not fit because of too few data 
for temperatures above the clustering anomaly. The scatter of the data 
from the fit equations is indicated by the percent RMSD, while Figure 21 
shows a deviation plot for the data in set 1 of H,-3. Figure 22 
graphically shows the lattice heat capacity as determined from the 
coefficients given in Tables 6 through 12. 
Above 12 K, the two data sets for sample yield fits which agree 
to within approximately ± 0.2%. However, as the temperature approaches 
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Table 6. Fit constants for sample H^-l (in mj/mole K) 
Temperature Range pit Constants RMSD (%) 
= 7.982817108 X lo'l 
Ag = 4.592597002 X lo"^ 
A^ = 6.334129638 x lo"^ 0.103 
2 < T < T A = -1.109406489 X 10 ^ for data with 
m y 
Aj,= 6.325782600 X lo'S T > 3.7 K 
Aj^= -1 .641081689 x  l o " ^ ^  
A^5= 1 .635926785 X 10"^^ 
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Table 7- Fit constants for sample Hg-Z (in mj/mole K) 
Temperature Range Constants RMSD (%) 
= 9.604386464 x 10~^ 
= 6.192784466 x lo"^ 0.338 
1.5 < T < T A = 6.206585535 X 10 ^ for data with 
m 7 
Ag = -1.108526005 X 10"^ T > 3.0 K 
A ^ ^ =  5 . 2 1 8 8 2 2 4 9 4  x 1 0 " ^  
A,2= -8.234454675 x lo"'^ 
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Table 8. Fit constants for sample H -3, data set 1 ( in 
mj/mole K) 
Temperature Range pit Constants RMSD (%) 
= 3.086137328 x lo"' 
= 8.962667320 x lo"^ 
3.5 < T < 16 A^ = 4.552247804 x 10~^ 0.183 
Ag = -3.524190434 x lo"^ 
A , , =  5 . 6 0 4 9 2 7 6 1 9  x  1 0 " ^ '  
A^ = 2.874942254 x lo"' 
Aç = 1.891527343x10"^ 
16 < T < T A_ = -6.253807702 X 10"^ 0.077 
m 7 
a g  = 8.875681303 X 10"9 
A^ J = -6.196714187 x lo"'^ 
A , 2 =  1 . 7 2 9 1 0 9 9 8 4  x  1 0 " T 5  
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Table S .  Fit constants for sample W ^ k  ( i n  m j / m o 1 e  K )  
Temperature Range p;. Constants RHSD (« 
T < 6 = 0.510 
Ag = 2.48 X 10"3 
A^ = 5.017320536 X lO"^ 
A^ = 2.611666634 x 10~^ 
A^ = 7.095414753 x lo'^ 
6 < T < T A. = -1.350881214 X lo"7 0.161 
m 3 
A ^ ^  =  5 . 1 2 7 6 2 7 6 7 1  X  1 0 " ^ °  
A,2= -8.283829901 X 
A ^ g =  5 . 0 0 4 6 3 1 1 2 6  X  1 0 " ^ ^  
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Table 10. Fit constants for sample H.-5, data set 1 (in 
mj/mole K) 
Temperature Range pit Constants RMSD {%) 
Aj = 1.777043788x10"' 
= 3.711251717 X 10"4 
5 < T < 20.5 A j  = 1.316794231 x lo"^ 0.118 
A^ = -7.115169768 x lo'^ 
A,,= 7.807938050 x 10"'^ 
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Table 11. Fît constants for sample H_-5, data set 2 (In 
mj/mole K) 
Temperature Range Constants RMSD (%) 
= 1.796951941 x lo'^ 
Ag = 3.643527276 x lo"^ 
8 < T < 19 A^ = 1.270185426 x 10~^ 0.120 
Ag = -6.972467529 x 10'^ 
A ^ j =  7 . 8 0 1 1 1 0 6 8 0  x 1 0 " ^ ^  
A^ = 1.756323557x10"^ 
A^ = 6.872990482 x 10"^ 
19 < T < T A_ = -1.515220955 x 10"& 0.146 
m 7 
Ag = 1.368915718x10"^ 
A ^ ^  =  - 5 . 9 3 4 1 5 3 9 2 4  x  l o " ^ ^  
A,2= 1.009990134 x 10"^^ 
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Table 12. Fit constants for sump le (in mj/oKile K) 
Temperature Range constants RHSD (%) 
T < 9 
9 < T < 25 K  =  -6.413834350 x  1 0 " '  0.168 
m 
1.183 X 10"' 
2.08 x 10"^ 
1.231658457 x 10' 1 
5.741051263 x 10" •5 
*7 = 1.536471239 x 10~ 6 
*9   " •9 
*11 = 1.086559624 x 10" 
•11 
*13 = -8.751603579 x 10" 
•15 
2.754899480 x 10' •18 
: 1.505588947 x 10' •1 
: 1.677109009 x lo' •4 
: -2.764698487 x iû' -7 
: 1.615103600 x lo" -10 
''^ll " : -4.429259770 x 10" 
-14 
^13' : 4.744646723 x 10' 
-18 
25 < T < T A_ = . 69B 0  X î  " 0.31/ 
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Figure 21. Deviations of the actual data from the fit equations for samples Hg-], data set 1 
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Figure 22. Lattice heat capacities for the six measured isochores 
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zero, data set 2 yields a lattice heat capacity which is about one percent 
higher than for data set 1. This may reflect the accuracy of the T=0 
extrapolations or conceivably could be a real physical effect which is 
related to the different ortho concentrations. The large ortho anomaly 
and the clustering of ortho molecules does not permit a sufficiently 
accurate determination of the lattice contribution to make a definite 
distinction between the two possibilities. Although a reasonable fit 
could not be made to data set 2 of sample H^'St the two data sets for 
this sample overlap near 13 K. 
Equation (IV-15) now can be used with the low temperature T^ 
coefficients to calculate 0^ for each of the six samples. These results 
are tabulated in Table 4 where the value of given for sample is 
an average for the two data sets. The Debye temperatures given in 
Tables 4 and 5 are in some sense independent because of the weighting of 
the data in determining the lattice fits, and also because the fits of 
this section are extrapolated from higher temperatures where the effects 
o f  t h e  o r t h o  a n o m a l y  a r e  m i n i m a l .  T h e  t w o  d e t e r m i n a t i o n s  o f  t h e  © Q ' s  
are found to agree to within 0.5 percent, which demonstrates the internal 
consistency of the approach to the ortho pairs anomaly and the extrapo­
lation of the lattice fits to T=0. 
The volume dependence of 0^ is shown in Figure 23 on log-log 
coordinates. The solid circles represent the data from Table 4, and the 
crosses are the results of Ahlers (1) which agree with the present values 
to within experimental uncertainty. Since a definite curvature exists 
in the data of Figure 23, the Gruneisen parameter defined in Equation 
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(1-61) will show an explicit volume dependence. Ahlers (50) (see also 
Reference 51) has found that this volume dependence in for helium can 
be expressed quite adequately by 
Y^(V) = a + bV (lV-16) 
where a and b are constants to be determined. Assuming this expression 
for the present work. Equation (1-61) can be integrated to yield 
0^(V) = exp[ - (alnV + bV + c)] (K) (lV-17) 
where c is a constant of integration. Since this equation is very dif­
ficult to fit to the experimental data, the values for and V from 
samples Hg-S, and H2-6 were used to calculate the unknown parameters. 
The results are 
a = 0.6669 
b = 0.07120 (lV-18) 
c = -8.5476 
The @g's for the other three samples scatter around this equation with a 
maximum deviation of 0.4 percent. The smooth curve in Figure 23 is 
determined from Equation (IV-I7) with the above constants. The values 
for YQ calculated from Equation (IV-16) are found in Table 4, and in 
view of the excellent fit that Equation (!V-17) gives to 8^, the values 
for YQ should be unce-t^in to less than 1%. 
The relation for 0^(V) can be extrapolated to give 121.4 ± 0.5 K at 
the T=0, P=0 molar volume of 23.20 cm^/mole. This can be compared with 
the saturated vapor pressure heat capacity determinations of 122 ± 1 K 
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(2) and 124.5 ±1 K (4). Nielsen's (52) neutron scattering dispersion 
relation for solid parahydrogen at zero pressure gives 8^ = 118 K for 
which an uncertainty is not given. Thus, the extrapolation of the 
present curve for 0^(V) appears to be consistent with other experiments. 
The Gruneisen approximation assumes that the constant volume heat 
capacity should scale as T/@^, and Figure 24 shows a reduced plot of 
versus T/8^ for the six isochores. A more sensitive way of representing 
heat capacity data is to plot deviations from the Debye model in terms 
of a temperature variation of 0, where 0 is calculated from the measured 
C^(T) and the general relation for the heat capacity in the Debye model 
(Equation (I-36) and Appendix B). A reduced plot now can be achieved by 
plotting 0/0^ versus T/0^. Figure 25 displays such relations for the 
various hydrogen samples as calculated from the fit equation in Tables 6 
through 12. Several features of this graph are of interest. First, all 
samples follow roughly the same curve below approximately T/0^ = O.Oé, 
and demonstrate the validity of the Gruneisen approximation in the low 
temperature limit. Secondly, at higher temperatures, the value of 0/0^ 
for a given T/0^ appears to increase with decreasing molar volume. This 
type of behavior, which has been observed in neon (53) and helium (50, 
51), can be described in terms of a temperature dependence of the 
Gruneisen parameter (Equation (1-64)) and this analysis will be 
presented in the next section. The isochore corresponding to 
22.221 cm^/mole (H^-l) appears to be inconsistent with the trend of the 
other five samples. This car be attributed to uncertainties in 0^, so 
the small differences between curves marked A and B may very well be due 
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to experimental errors. However, Hg-l was the sample with the largest 
ortho concentration and so orthohydrogen effects can not be ruled out. 
Figure 26 compares Ahlers' (1) heat capacity data with the present 
results- Since Ahlers* data did not extend to the melting line for his 
two lowest molar volumes, the temperature scale covers approximately 
one-half the range of that for Figure 25. Ahlers' results for his 
largest molar volume appear to agree relatively well with the present 
reduced equations. His other two samples, however, show a smaller 
decrease in 0/0^ with increasing temperature than do the present results, 
which means that his heat capacities are smaller. These differences are 
considerably outside of the combined estimated uncertainties in the two 
experiments. Although Ahlers' results indicate an increasing value of 
0/0^ with decreasing molar volume, his curves do not obey a reduced 
relation. The differences between Ahlers' and the present results could 
be associated with errors in 0^, although reasonable agreement exists 
between the ©^'s as shown in Figure 23. 
Thermodynamic Functions for Parahydrogen 
The discussion in Chapter I showed that the constant volume heat 
capacity can be used to derive most of the thermodynamic functions for a 
solid. Tables 13 through 18 contain these results as were obtained from 
the lattice fit equations of the last section. The thernia# contribu" 
tions to the internal energy and entropy result from a simple integra­
tion of Equation (1-3), while the pressure determination requires the 
volume and temperature dependent Gruneisen parameter. The values of 0 
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Figure 26. Comparison of the present results (A,B) with the results of 
Ahlers (1) (C,D,E) 
3 Table 13. Thermodynamic functions for sample Hg-l; V = 22.221 cm /mole 
T E M P  C V  E N E R G Y  E N T R O P Y  P R E S S U R E  T H E T A  
K  M J / M O L E  K  M J / M O L E  M J / M O L E  K  B A R  K  
1  . 0 0  8 .  0 2  9 4 0 - 0 1  2 . 0 0 3 4 0 - 0 1  2 . 6 7  0 2 0 - 0 1  9 1 . 9 0  1 3 4 . 2 7  
2 . 0 0  6  .  5 4 0 8 D  0 0  3 . 2 4 4 0 0  0 0  2 . 1 5 9 2 0  0 0  9 1 . 9 0  1 3 3 . 4  6  
3 . 0 0  2 .  2 7 0 7 0  0 1  ] .  . 6 7 6 9 0  0 1  7 . 4 2 5 2 0  0 0  9 1 . 9 2  1 3 2 . 0 6  
4 . 0 0  5 .  6 5 6 5 0  0 1  5 . 4 6 3 6 0  0 1  1  .  8 0 8 9 0  0 1  9 1  . 9 6  1 3 0 . 0 4  
5 . 0 0  1  .  1 7 2 1 0  0 2  1 . 3 8 8 2 0  0 2  3 . 6 6 2 5 0  0 1  9 2 . 0 5  1 2 7 . 5 1  
6 . 0 0  2 .  1 6 7 8 0  0 2  3 . 0 2 3 0 0  0 2  6 . 6 1 0 2 0  0 1  9 2 .  2 1  1 2 4 . 6 5  
7 . 0 0  3 .  6 4 3 9 0  0 2  5 . 9 0  0 6 0  0 2  1 . 1 0 2 1 0  0 2  9 2 . 5 1  1 2 1 . 7 5  
8 . 0 0  5 .  8 9  0 4  0  0 2  I .  . 0 6 3 2 0  0 3  1  . 7 3 0 5 0  0 2  9 3 . 0 0  1 1 9 . 0 7  
9 . 0 0  8 .  8 6 4 5 0  0 2  J .  . 7 9 4 1  0  0 3  2 . 5 8 B 1 0  0 2  9 3 . 7 4  1  1 6 . 7 9  
1 0  . 0 0  1  .  2 6 6 4 0  0 3  2 . 8 6  3 6 0  0 3  3 . 7 1 1 4 0  0 2  9 4 . 8 4  1  1 4 . 9 7  
1 1 . 0 0  1  .  7 2 7 2 0  0 3  4  . 3 5 3 9 0  0 3  5 . 1 2 8 3 0  0 2  9 6 . 3 6  I  1 3 . 5 8  
1 2 . 0 0  2 .  2 6 3 9 0  0 3  6 . 3 4 3 3 0  0 3  6 . 8 5 5 9 0  0 2  9 8 . 4 0  1  1 2 . 5 0  
1 3 . 0 0  2 .  6 7 2 6 0  0 3  a  . 9 0 5 6 0  0 3  8 . 9 0 3 6 0  0 2  1 0 1  . 0 2  1 1 1 . 5 9  
1 4 . 0 0  3 .  5 5 2 2 0  0 3  J .  . 2 1  1 2 0  0 4  1 . 1 2 7 7 0  0 3  1 0 4 . 3 1  1 1 0 . 6 7  
1 5 . 0 0  4 .  2 9 6 3 0  0 3  1  . 6 0 3 2 0  0 4  1 . 3 9 7 8 0  0 3  1 0 8 . 3 3  1 0 9 . 7 1  
1 6 . 0 0  5 .  0 8  8 2 0  0 3  2 . 0 7 2 1 0  0 4  1 . 7 0 0 1 0  0 3  1 1 3 . 1 5  1 0 8 . 7 6  
1 7 . 0 0  5 .  9 5 3 5 0  0 3  2 . 6 2 3 0 0  0 4  2 . 0 3 3 9 0  0 3  1 1 8 . 8 2  1 0 7 . 4 8  
1 7 . 3 8  6 .  2 4 7 2 0  0 3  2 . 8 5 4 6 0  0 4  2 . 1 6 8 6 0  0 3  1 2 1 . 2 1  1 0 6 . 5 1  
Table |4. Thermodynamic functions for sample M  = 22.787 cm^/mole 
T E M P  C V  
K  M J / M C L E  K  
1  •  0 0  9 *  6 6 6 9 D '  - 0 1  
2  . 0 0  7 ,  8 8 9 1 D  0 0  
3  •  0 0  2 *  7 5 5 2 0  0  1  
4  •  0 0  6 .  8 5 5 7 0  0 1  
5  •  0 0  1  •  4 2  3 4 0  0 2  
6  •  0 0  2 .  6 3 6 0 0  0 2  
7  •  0 0  4 ^  4 9 4 1  0  0 2  
6  •  0 0  7 ,  1 6 3 5 0  0 2  
9  •  0 0  1  •  0 7 6 1 0  0 3  
1 0  •  0 0  1  •  5 3 1 4 D  0 3  
1 1  •  0 0  2 ,  C 7 6 1 D  0 3  
1 2  •  0 0  2 .  7 0 1 4 0  0 3  
1 3  •  0 0  3 .  4 0 7 6 0  0 3  
1 4  •  0 0  4 .  2 0 3 5 0  0 3  
1 5  •  0 0  5 .  0 4  8 9 0  0 3  
1 5  •  6 7  5 .  5 1 3 1 0  0 3  
E N E R G Y  E N T R O P Y  P R E S S U R E  T H E T A  
M J / M O L E  M J / M O L E  K  B A R  K  
2  • 4 1 1 5 0 - 0 1  3  • 2 1 3 9 0 - 0 1  3 6  . 5 0  1 2 6  •  2 2  
3  • 9 0 9 7 0  0 0  2  • 6 0  1 9 0  0 0  3 6  . 5 0  1 2 5  •  3 8  
2  • 0 2 4 6 0  0 1  8  •  9 6  2  0 0  0 0  3 6  .  5 2  1 2 3  •  9 6  
6  . 6 0 9 5 0  0  1  2  • 1 8 7 3 0  0 1  3 6  . 5 7  1 2 1  •  9 7  
1 .  • 6 8 2 5 0  0 2  4  • 4 3 6 3 0  0 1  3 6  . 6 7  1  1 9  •  5 1  
3  • 6 6 5 7 0  0 2  8  • 0 1 8 7 0  0 1  3 6  . 3 8  1  1 6  •  7 8  
7  •  1 6 9 6 0  0 2  1  • 3 3 8 3 0  0 2  3 7  . 2 4  1  1 4  •  0 4  
). • 2 9 2 5 D  0 3  2  • 1 0 2 9 0  0 2  3 7  . 8 2  1 1 1  •  5 2  
2  • 1 8 0 7 0  0 3  3  . 1 4 4 9 0  0 2  3 8  . 7 2  1 0 9  •  3 8  
3  • 4 7 6 6 0  0 3  4  . 5 0 6 1 0  0 2  4 0  . 0 4  1 0 7  •  6 8  
c :  • 2 7 3 3 D  0 3  6  . 2 1 4 4 0  0 2  4 1  . 8 6  1  0 6  •  4 0  
7  • 6 5 5 5 0  0 3  8  . 2 8 3 2 0  0 2  4 4  . 2 9  1 0 5  •  4 1  
1  . 0 7 0 3 0  0 4  1  . 0 7 1 9 0  0 3  4 7  •  3 8  1 0 4  •  4 7  
1  • 4 5 0 1 0  0 4  1  . 3 5 3 0 0  0 3  5 1  •  2 5  1 0 3  •  3 4  
1  • 9 1 2 9 0  0 4  1  . 6 7 1 9 0  0 3  5 5  •  9 7  1  0 2  •  3 2  
2  • 2 6 6 2 0  0 4  1  . 9 0 2 3 0  0 3  5 9  •  5 8  1 0 2  •  6 9  
Table 15. Thermodynamic functions for sample Hg-S, data set 1; V = 19.120 
cm^/mole 
T E M P  C V  E N E R G Y  E N T R O P Y  P R E S S U R E  T H E T A  
K  M J / M C L E  K  M J / M O L E  M J / M O L E  K  B A R  K  
1 . 0 0  3 .  C 9 5 1 0  - 0 1  7  . 7 3 0 3 D - 0 2  1 . 0 3  0 5 0 - 0 1  6 6 6 . 5 0  1 8 4 . 5 0  
2 . 0 0  2 .  4 9 8 2 D  0 0  1  . 2 4 4 2 0  0 0  8 . 2 8 7 9 0 - 0 1  6 6 6 . 5 0  1 8 3 . 9 5  
3 . 0 0  8 .  5 5  9 6  D  0 0  6  . 3 6 1 9 0  0 0  2 . 8 2  2 4 0  0 0  6 6 6 . 5 1  1 8 3 . 0 3  
4 . 0 0  2 .  0 7 3 5 0  0 1  2  . 0 3 9 7 0  0 1  6 . 7 7 7 0 0  0 0  6 6 6 . 5 2  1 8 1 . 7  1  
5  . 0 0  4 .  1 6 6 7 D  0 1  5  . 0 7 4 4 D  0  1  1 . 3 4 6 2 0  0 1  6 6 6 . 5 6  1 7 9 . 9 9  
6 . 0 0  7 .  4 5 6 9 0  0 1  1  . 0 7 7 1 0  0 2  2 . 3 7 5 9 0  0 1  6 6 6 . 6 2  1 7 7 . 9 0  
7 . 0 0  1 .  2 . 3  3 6 0  0 2  2  . 0 5 1 7 0  0 2  3 . 8 6 8 5 0  0 1  6 6 6 . 7 3  1 7 5 . 4 9  
8 . 0 0  1  .  9 2 6 8 0  0 2  3  . 6 1 2 6 0  0 2  5 . 9 4 2 6 0  0 1  6 6 6 . 8 9  1 7 2 . 8 6  
9 . 0 0  2  .  6 7  7 8 0  0 2  5  . 9 9 1 2 0  0 2  8 . 7 3 3 1 0  0 1  6 6 7 . 1 5  1 7 0 . 1 2  
1 0 . 0 0  4  «  1 4  1 3 D  0 2  9  . 4 7 2 4 D  0 2  1 . 2 3 8 9 D  0 2  6 6 7 . 5 2  1 6 7 . 4 2  
1 1 . 0 0  5 .  7 6 7 1 0  0 2  1  . 4 3 9 5 0  0 3  1 . 7 0 6 8 0  0 2  6 6 8 . 0 5  1 6 4 . 8 8  
1 2 . 0 0  7 .  7 9 2 2 0  0 2  2  . 1 1 4 0 0  0 3  2  . 2 9 2 5 0  0 2  6 6 8 . 7 8  1 6 2 . 6 2  
1 3 . 0 0  1  .  0 2  3 2 0  0 3  3  . 0 1 1 8 D  0 3  3 . 0 0  9 8 0  0 2  6 6 9 . 7 4  1 6 0 . 7 1  
1 4 . 0 0  1  .  3 0 7 6 0  0 3  4  . 1 7 3 9 0  0 3  3 . 8 6 9 7 0  0 2  6 7 0 . 9 9  1 5 9 . 2 0  
1 5 . 0 0  1 .  6 3  0 0 0  0 3  5  . 6 3 9 6 0  0 3  4 . 8 7 9 6 0  0 2  6 7 2 . 5 6  1 5 8 . 0 5  
1 6 . 0 0  1  «  9 9 0 1 0  0 3  7  . 4 4 6 3 0  0 3  6 . 0 4  4 4 0  0 2  6 7 4 . 5 0  1 5 7 . 1 3  
1 7 . 0 0  2 .  3 8  9 3 0  0 3  9  . 6 3 3 5 0  0 3  7 . 3 6 9 2 0  0 2  6 7 6 . 8 4  1 5 6 . 2 8  
1 8 . 0 0  2 .  8 2 0 5 0  0 3  1  . 2 2 3 6 0  0 4  8 . 8 5 5 4 0  0 2  6 7 9 . 6 3  1 5 5 . 5 8  
1 9 . 0 0  3 .  2 3 0 4 0  0 3  1  , 5 2 8 4 0  0 4  1 . 0 5 0 2 0  0 3  6 8 2 . 9 1  1 5 4 . 9 8  
2 0 . 0 0  3 .  7 6 4 9 0  0 3  1  . 8 6 0 5 0  0 4  1  . 2 3 0 7 0  0 3  6 8 6 . 6 9  1 5 4 . 4 6  
2 1  . 0 0  4  .  2 7 0 3 0  0 3  2  . 2 8 2 1 0  0 4  1 . 4 2 6 6 0  0 3  6 9 1 . 0 1  1 5 3 . 9 9  
2 2 . 0 0  4 .  7 9 3 7 0  0 3  2  . 7 3 5 1 0  0 4  1 . 6 3 7 2 0  0 3  6 9 5 . 8 9  1 5 3 . 5 3  
2 3 . 0 0  5 .  3 3 3 0 0  0 3  • a  . 2 4 1 3 0  0 4  1 . 8 6 2 2 0  0 3  7 0 1 . 3 5  1 5 3 . 0 7  
2 4 . 0 0  5 .  8 3 6 9 0  0 3  3  . 8 0 2 2 0  0 4  2 . 1 0 0 8 0  0 3  7 0 7 . 4 2  1 5 2 . 5 5  
2 5 . 0 0  6  .  4 5 4 3 0  0 3  4  . 4 1 9 2 0  0 4  2 . 3 5 2 6 0  0 3  7 1 4 . 1 0  1 5 1 . 9 7  
2 6 . 0 0  7 .  C 3 4 2 0  0 3  5  . 0 9 3 5 0  0 4  2 . 6 1 7 0 0  0 3  7 2 1 . 4 3  1 5 1 . 2 9  
2 7 . 0 0  7 . 6 2 4 8 0  0 3  5 . 8 2 6 4 0  0 4  2 . 8 9 3 5 0  0 3  7 2 9 . 4 2  1 5 0 . 5 1  
2 8 . 0 0  8 . 2 2 4 1 D  0 3  6 . 6 1 6 8 0  0 4  3 . 1 8 1 6 0  0 3  7 3 8 . 0 9  1 4 9 . 6 2  
2 9 . 0 0  8 . 8 3 1 2 0  0 3  7 . 4 7 1 5 0  0 4  3 . 4 8 0 7 0  0 3  7 4 7 . 4 6  1 4 8 . 6 2  
3 0 . 0 0  9 . 4 5 0 4 0  0 3  8 . 3 8 5 4 0  0 4  3 . 7 9 0 5 0  0 3  7 5 7 . 5 6  1 4 7 . 4 4  
3 0 . 3 6  9 . 6 7 7 2 0  0 3  8 . 7 2 6 8 0  0 4  3 . 9 0 3 7 0  0 3  7 6 1 . 3 5  1 4 6 . 9 5  
3 Table 16. Thermodynamic functions for sample V = 20.685 cm /mole 
T E M P  c v  E N E R G Y  E N T R C P Y  P R E S S U R E  T H E T A  
K  M J / M O L E  K M J / M O L E  M J / M O L E  K B A R  K  
1  . 0 0  5 .  1 2 4 8 0 - 0 1  1  . 2 7 9 1 0 -0  1  1  . 7 0 5 0 0 - 0 1  3 0 2 . 2 0  1 5 5 . 9 5  
2 . 0 0  4 .  1 5 9 4 0  0 0  2 . 0 6 6 5 0  0 0  1  . 3 7  5 9 0  0 0  3 0 2 . 2 0  1 5 5 . 2 0  
3 . 0 0  1  .  4 3 7 3 0  0 1  1  . 0 6  2 9 0  0  1  4 . 7 1 0 5 0  0 0  3 0 2 . 2 1  1 5 3 . 9 9  
4 . 0 0  3 .  5 1  B O D  0 1  3 . 4 3 3 3 0  0 1  1 . 1 3 8 8 0  0 1  3 0 2 . 2 4  1 5 2 . 3 5  
5 . 0 0  7 .  1 5 0 0 D  0 1  8 . 6 1 4 6 0  0  1  2 . 2 8 0 0 0  0 1  3 0 2 . 2 9  1 5 0 . 3 4  
6  . 0 0  1 .  29  44D 02  1 . 8 4 5 2 0  0 2  4 . 0 5 7 7 0  0 1  3 0 2 . 4 0  1 4 8 . 0 3  
7 . 0 0  2 .  1 7 3 2 0  0 2  3 . 5 5 1 2 D  0 2  6 . 6 7  0 1 0  0 1  3 0 2 . 5 8  1 4 5 . 3 0  
8 . 0 0  3 .  4 3  1 8 0  0 2  6 . 3 1 8 3 0  0 2  1  . 0 3 4 6 0  0 2  3 0 2 . 8 7  1 4 2 . 6 0  
9 . 0 0  5 .  1 5 6 7 0  0 2  1 . 0 5 7 0 0  0 3  1 . 5 3 3 5 0  0 2  3 0 3 . 3 1  1 4 0 . 0 4  
1 0 . 0 0  7 .  4 2 2 6 D  02  1  . 6 8 1 20  0 3  2 . 1 8 9 0 0  0 2  3 0 3 . 9 7  1 3 7 . 7 4  
1 1  . 0 0  1  .  02  79  0  0 3  2 . 5 6 1 3 0  0 3  3 .02570  0 2  3 0 4 . 8 9  1 3 5 . 7 7  
1 2 . 0 0  1 .  3 7 4 1 0  0 3  3 . 7 5 7 3 0  0 3  4 . 0 6 4 2 0  0 2  3 0 6 .  1 4  1 3 4 . 1 5  
1 3 . 0 0  1  .  7 7 8 4 D  0 3  5 . 3 2 0 9 O  0 3  5 . 3 2 0 0 0  0 2  3  0 7 . 7 8  1 3 2 . 8 6  
1 4  . 0 0  2 .  2 3  5 1 0  0 3  7 . 3 3 1 6 0  0 3  6 . 8 0 2 0 0  0 2  3 0 9 . 8 8  1 3 1 . 8 6  
1 5 . 0 0  2 .  73  790  0 3  9 . 8 1 4 5 D  0 3  8 . 5 1 3 0 0  0 2  3 1 2 . 4 8  1 3 1 . 1 0  
1 6 . 0 0  3 .  2 8 2 0 0  0 3  1 . 2 8 2 1 0  04  1  . 0 4 5 2 0  0 3  3 1 5 . 6 3  1 3 0 . 4 8  
1 7 . 0 0  3 .  8 6  6 0 0  0 3  1  . 6 3 9 2 0  0 4  1 . 2 6  1 4 0  0 3  3 1 9 . 3 7  1 2 9 . 8 9  
1 8 . 0 0  4 .  49  050  03  2 . 0 5 6 7 0  0 4  1 . 4 9 9 9 3  0 3  3 2 3 . 7 5  1 2 9 . 2 1  
19 .00  5  .  1 5 2 7 0  0 3  2 .53850  0 4  1 . 7 6 0 3 0  0 3  3 2 8 . 8 2  1 2 8 . 4 3  
2 0 . 0 0  5 .  8 4  0 1 0  0 3  3 . 0 8 8 1 0  0 4  2 . 0 4 2 0 D  03  3 3 4 . 6 1  1 2 7 . 6 1  
2 1 . 0 0  6 .  5342D 03  3 . 7 0 6 7 D  0 4  2 . 3 4 3 7 0  03  3 4 1  . 1 4  1 2 6 . 8 7  
2 2 . 0 0  7 .  2 5 7 8 0  0 3  4  . 3 9 5 7 0  0 4  2 . 6 6 4 1 0  0 3  3 4 8 . 4 4  1 2 5 . 9 3  
2 2 . 8 2  a .  0 1 5 1 D  0 3  5 .02150  0 4  2 .94330  0 3  3 5 5 . 0 9  1 2 3 . 7 5  
Table 17. Thermodynamic functions for sample Hg-G, data set 2; V = 17.458 
cm3/mole 
TEMP CV ENERGY ENTRCPY PRESSURE THETA 
K MJ/MCLE K MJ/MOLE MJ/MOLE K BAR K 
1  . 00  1 »  80060  -01  4  •  49850- 02  5  •  99710- 02  1306  •  00  221  •  0  1  
2  •  00  1 .  44  94D 00  V •22710- 0  1  4  •  81540- 01  13  06  •  00  220  •  55  
3  . 00  4^  9429D 00  3  •68410  00  1  . 63530  00  1306  •  00  219  •  79  
4  . 00  %• 13  930  01  1  •  17590  01  3  . 91090  00  1306  •  0  1  218  •  70  
5  . 00  2 .  36860  01  2  •90820  01  7  •72770  00  1306  •  03  217  •  28  
6  •  00  4 .  19360  01  6  •12300  01  1  . 35480  01  1306  •  07  215  •  53  
7  . 00  6 .  85390  01  1  •  1573D 02  2  .  18890  01  1306  •  13  213  •  47  
8  •  00  1  •  05743  02  2  •01890  02  3  . 33380  01  1306  •  23  211  •  13  
9  . 00  1^  56130  02  3 ,31  60»  02  4  •85590  01  1306  •  37  208  •  59  
10  . 00  2 .  22640  02  •5  • 19520  02  6  •82960  01  1306  •  58  205  •  91  
11  •  00  3 .  08390  02  7  •83300  02  9  •33720  01  1306  •  86  203  . 19  
12  •  00  4 .  16510  02  1  •14380  03  1  •24670  02  1307  •  28  200  . 52  
13  •  00  5 .  49820  02  1  •62470  03  1  •  63  090  02  1307  •  81  197  •  99  
14  •  00  7 .  10470  02  2  •25250  03  2  . 09550  02  1308  •  50  195  •  69  
15  •  00  8 .  99610  02  3  •05520  03  2  •64850  02  1309  •  39  193  •  68  
16  •  00  1  .  11710  03  4  •  06120  03  3  .29700  02  1310  •  50  191  •  99  
17  •  00  1 .  36190  03  5^29850  03  4  •04640  02  131  I  •  87  190  •  63  
18  •  00  1  •  63240  03  6  •79360  03  4  •90020  02  1313  •  52  189  . 56  
19  •  00  1 .  S2890  03  8  •57190  03  5  •86100  02  1315  •  49  188  •  67  
20  •  00  2 .  25260  03  ;I  • 06610  04  6  •93160  02  1317  •  80  187  . 85  
21  •  00  2 .  59950  03  \ •30850  04  8  •11370  02  1320  •  48  187  •  13  
22  •  00  2 .  S672D 03  1  •58670  04  9  •40710  02  1323  •  56  186  •  53  
23  •  00  3 *  35270  03  1  •90250  04  1  •08  110  03  1327  •  06  186  •  01  
24  •  00  3 .  75310  03  2  •25770  04  1  •23220  03  1330  •  99  185  •  59  
25  •  00  4 .  16570  03  2  •6535D 04  1  •39370  03  1335  •  38  185  •  23  
26  •  00  4 .  58310  03  3  •09120  04  1  •56530  03  1340  •  24  1  84  •  93  
27  •  00  5 .  01  850  03  3  •5714D 04  1  •74650  03  1345  •  58  184  •  66  
2 8  •  0 0  5 .  4 5 5 6 0  
2 9  . 0 0  &• 8 9 8 8 0  
3 0  . 0 0  6  .  3 4  8  0 0  
3 1  .  0 0  6 .  8 0 3 3 0  
3 2  . 0 0  y .  2 5 5 1 0  
3 3  •  0 0  7 .  7 3 3 0 0  
3 4  . 0 0  8 .  2 0 6 5 0  
3 5  . 0 0  6 .  6 d 3 9 D  
3 6  •  0 0  9 .  1 6 2 9 0  
3 7  . 0 0  9 ^  6 4 1 4 0  
3 6  . 0 0  1  •  0 1  1 9 0  
3 9  •  0 0  1 .  0 6  0 1 0  
4 0  •  0 0  1 .  1 1  0 2 0  
4 0  . 9 4  1  •  1 6 2 3 0  
4  • 0 9 5 1 0  0 4  
4  • 6 6 2 7 0  0 4  
5  • 2 7 5 0 0  0 4  
i l  •  9 3 2 5 0  0 4  
6  • 6 3 5 9 0  0 4  
7  • 3 8 5 8 0  0 4  
a  • 1 8 2 7 0  0 4  
<) 
. 0 2 7 2 0  0 4  
9  • 9 1 9 5 0  0 4  
1  • 0 8 6 0 0  0 5  
1  • 1 8 4 8 0  0 5  
1  . 2 8 8 4 D  0 5  
1  . 3 9 6 9 0  0 5  
1  • 5 0 4 1 0  0 5  
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0  3  
0 4  
0 4  
0 4  
0 4  
1  • 9 3 6 9 0  0 3  
2  • 1 3 6 0 0  0 3  
2  • 3 4  3 6 0  0 3  
2  • 5 5 9 1 0  0 5  
2  . 7 8 2 4 0  0 3  
3  • 0 1 3 1 0  0 3  
3  • 2 5 1 0 0  0 3  
3  • 4 9 5 7 0  0 3  
3  • 7 4 7 1 0  0 3  
4  • 0 0 4 7 0  0 3  
4  • 2 6 8 1 0  0 3  
4  • 5 3  7 2 D  0 3  
4  •  8 1  1 8 0  0 3  
5  • 0 7 6 7 0  0 3  
•  4  1  1 8 4  •  4 2  
•  7 4  1 8 4  •  1 6  
•  5 9  1  8 3  •  8 6  
•  9 5  1  8 3  •  5 1  
•  8 5  1  8 3  •  0 7  
•  3 0  1 8 2  •  5 4  
•  3 1  1 8 1  •  9 1  
•  8 9  1 8 1  •  1 9  
•  0 7  1 8 0  •  3 9  
•  8 4  1 7 9  •  5 3  
. 2 4  1 7 8  •  6 0  
•  2 6  1 7 7  •  5 4  
•  9 6  1 7 6  •  1  5  
•  6 1  1 7 4  •  2 0  
1 3 5 1  
1 3 5 7  
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1 3 7 1  
1 3 7 9  
1 3 8 8  
1  3 9 7  
1 4 0 6  
1 4 1 7  
1 4 2 7  
1 4 3 9  
1 4 5 1  
1 4 6 3  
1 4 7 6  
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Table 18. Thermodynamic functions for sample Hg-G; V = 16.193 cm /mole 
T E M P  c v  E N E R G Y  E N T R O P Y  P R E S S U R E  T H E T A  
K  M J / M O L E  K  M J / M O L E  M J / M C L E  K  E A R  K  
1  . 0 0  1  .  1 3 5 1  D  - 0 1  2  . 9 6 1 0 3 - 0 2  3 . 9 4  7 5 0 - 0 2  2 1 0 4 . 0 0  2 5 4 . 0 8  
2 . 0 0  9 .  5 3  0 6  O  - 0 1  4  • 7 5 4 2 0 - 0 1  3 . 1 6 8 0 D - 0 1  2 1 0 4 . 0 0  2 5 3 . 6 3  
3 . 0 0  3 ,  2 4 4 6 D  0 0  2  . 4 2 0 8 0  0 0  1 . 0 7 4 8 0  0 0  2 1 0 4 . 0 0  2 5 2 . 9 0  
4 . 0 0  7 .  7 8 4 2 0  0 0  7  . 7 1 3 2 D  0 0  2 . 5 6 6 3 D  0 0  2  1 0 4  . 0 1  2 5 1 . 8 6  
5 . 0 0  1 .  5 4 3 7 0  0 1  1  . 9 0 2 6 0  0 1  5 . 0 5  9 2 0  0 0  2 1 0 4 . 0 2  2 5 0 . 6 1  
6 . 0 0  2 .  7 1  7 0 0  0 1  3  . 9 9 4 7 0  0 1  8 . 8 4 1 1 0  0 0  2 1 0 4 . 0 5  2 4 9 . 0 8  
7  . 0 0  4 .  4 0 7 3 0  0 1  7  . 5 0 8 8 0  0 1  1  . 4 2 2 5 0  0 1  2 1 0 4 . 0 9  2 4 7 . 3 2  
8 . 0 0  6 .  7 3  3 5 0  0 1  1  . 3 0 2 3 0  0 2  2 . 1 5 5 3 0  0 1  2 1 0 4 . 1 5  2 4 5 . 3 5  
9 . 0 0  9 .  8 5 2 3 0  0 1  2  . 1 2 4 6 0  0 2  3 . 1 2  0 3 0  0 1  2 1 0 4 . 2 5  2 4 3 . 1 9  
1 0 . 0 0  1  .  3 8  8 6 0  0 2  3  . 3 0 2 0 0  0 2  4 . 3 5 7 1 0  0 1  2 1 0 4 . 3 8  2 4 1 . 0 0  
1 1 . 0 0  1  .  9 0  3 1 0  0 2  4  . 9 4 0 0 0  0 2  5 . 9 1 4 3 0  0 1  2 1 0 4 . 5 7  2 3 6 . 4 5  
1 2 . 0 0  2 .  5 6 2 6 0  0 2  7  .  1 6  3 2 0  0 2  7 . 8 4 4 6 0  0 1  2 1 0 4 . 8 2  2 3 5 . 7 8  
1 3 . 0 0  3 .  3 7 2 7 0  0 2  1  . 0 1 1 7 0  0 3  1 . 0 2 0 5 0  0 2  2 1 0 5 . 1 6  2 3 3 . 0 7  
1 4 . 0 0  4 .  3 5 7 8 0  0 2  1  . 3 9 6 7 0  0 3  1 . 3 0 5 3 0  0 2  2 1 0 5 . 6 0  2 3 0 . 4 2  
1 5 . 0 0  5 .  5 3 3 9 0  0 2  1  . 8 8 9 6 0  0 3  1 . 6 4 4 9 0  0 2  2 1 0 6 . 1 6  2 2 7 . 9 6  
1 6 .  0 0  6  .  9 1  2 9 D  0 2  2  . 5 1 0 2 0  0 3  2 . 0 4 5 0 0  0 2  2 1 0 6 . 8 7  2 2 5 . 7 1  
1 7 . 0 0  8 .  5 0 0 9 0  0 2  3  . 2 7 9 2 0  0 3  2 . 5 1 0 7 0  0 2  2 1 0 7 . 7 4  2 2 3 . 7 3  
1 8 . 0 0  1  .  0 2  9 9 0  0 3  4  . 2 1 7 4 0  0 3  3 . 0 4 6 5 0  0 2  2 1 0 8 . 8 1  2 2 2 . 0 3  
1 9 . 0 0  1  .  2 3 0 2 0  0 3  5  . 3 4 5 8 0  0 3  3 . 6 5 6 1 0  0 2  2 1  1 0 . 0 9  2 2 0 . 6 1  
2 0 . 0 0  1 .  4 5 0 5 0  0 3  6  . 6 8 4 5 0  0 3  4 . 3 4 2 2 0  0 2  2 1 1 1 . 6 1  2 1 9 . 4 5  
2 1  . 0 0  1 .  6 8  9 8 0  0 3  e  . 2 5 3 1 0  0 3  5 . 1 0 7 1 D  0 2  2 1 1 3 . 3 9  2 1 8 . 5 0  
2 2 . 0  0  1  .  9 4  7 6 0  0 3  1  . 0 0 7 0 0  0 4  5 . 9 5 2 0 0  0 2  2 1 1 5 . 4 5  2 1 7 . 7 1  
2 3 . 0 0  2 .  2 2 3 5 0  0 3  1  . 2 1 5 4 0  0 4  6 . 8 7 7 9 0  0 2  2 1 1 7 . 8 2  2 1 7 . 0 4  
2 4 . 0 0  2 .  5 1 6 8 0  0 3  1  . 4 5 2 3 0  0 4  7 . 8 8 5 6 0  0 2  2 1 2 0 . 5 1  2 1 6 . 4 5  
2 5 . 0 0  2 .  6 2 6 6 0  0 3  1  . 7 1 9 3 0  0 4  8 . 9 7 5 3 D  0 2  2 1 2 3 . 5 5  2 1 5 . 9 0  
2 6 . 0 0  3 .  1 4  4 4  0  0 3  2  . 0 1 7 5 0  0 4  1 . 0 1 4 4 0  0 3  2 1 2 6 . 9 4  2 1 5 . 5 9  
2 7 . 0 0  3 .  4 8 2 6 D  0 3  2  . 3 4  8 7 0  0 4  1 . 1 3 9 4 0  0 3  2 1 3 0 . 7 1  2 1 5 . 1 2  
2 8  •  0 0  3 .  8 3 3 1 D  
2 9  . 0 0  4 .  1 9 4 2 0  
3 0  . 0 0  4 .  5 6 4 1  D  
3 1  . 0 0  4 .  9 4  1  O D  
3 2  .  0 0  5 .  3 2  3 4 D  
3 3  . 0 0  5 .  7 0 9 8 D  
3 4  . 0 0  6 .  C 9 5 0 D  
3 5  . 0 0  6  «  4 9 0 1 D  
3 6  . 0 0  6  .  8 3 2 5 0  
3 7  . 0 0  7 .  2 7 5 6 0  
3 8  . 0 0  7 .  6 6 9 3 0  
3 9  . 0 0  8 .  0 6 3 4 D  
4 0  . 0 0  8 .  4 5 7 9 0  
4 1  . 0 0  8 .  8 5 2 7 0  
4 2  . 0 0  9 .  2 4  7 4 0  
4 3  .  0 0  9 .  6 4  1 4 0  
4 4  •  0 0  1  .  0 0 3 4 D  
4 5  .  0 0  1 .  0 4 2 4 0  
4 6  •  0 0  1  .  0 8 1 0 0  
4 7  . 0 0  1  .  1 1  9 2 0  
4 8  •  0 0  1 .  1 5 7 1 D  
4 9  . 0 0  1  .  1 9 4 9 0  
5 0  . 0 0  1  .  2 3 3 3 0  
5 1  . 0 0  1  •  2 7  3 7 0  
5 1  . 7 8  !• 3 0 7 8 0  
2  • 7 1 4 4 0  0 4  
3 •  1  1 5 7 0  0 4  
3  • 5 5 3 5 0  0 4  
4  •  0 2 8 7 0  0 4  
4  • 5 4 1 9 0  0 4  
5  • 0 9 3 5 0  0 4  
5  • 6 8 4 0 D  0 4  
6  • 3 1 3 4 0  0 4  
6  • 9 8 2 0 0  0 4  
7  • 6 8 9 9 0  0 4  
a  • 4 3 7 2 0  0 4  
9  • 2 2 3 8 0  0 4  
I  • 0 0 5 0 0  0 5  
1  • 0 9 1 5 0  0 5  
1  . 1 8 2 0 0  0 5  
1  • 2 7 6 5 0  0 5  
1  • 3 7 4 9 0  0 5  
1  • 4 7 7 2 0  0 5  
1  • 5 8 3 3 0  0 5  
1  •  6 9 3 3 0  0 5  
1  • 8 0 7 2 0  0 5  
1  • 9 2 4 8 0  0 5  
2  • 0 4 6 2 0  0 5  
2  • 1 7 1 5 0  0 5  
2  • 2 7 1 6 0  0 5  
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0 3  
0 4  
0 4  
0 4  
0 4  
0 4  
0 4  
0 4  
0 4  
0 4  
1  • 2 7 2 3 0  0 3  
1  • 4 1 3 1 0  0 3  
1  •  5 6  I 5 0  0 3  
1  • 7 1 7 3 0  0 3  
1  • 8 8 0 2 0  0 3  
2  •  0 4  9 9 0  0 3  
2  •  2 2 6 1 D  0 3  
2  • 4 0 6 6 0  0 3  
2  • 5 9 6 9 0  0 3  
2  • 7 9 0 8 0  0 3  
2  • 9 9 0 1 0  0 3  
3  • 1 9 4 4 0  0 3  
3  • 4 0 3 5 0  0 3  
3  • 6 1 7 2 0  0 3  
3  • 8 3 5 3 0  0 3  
4  • 0 5 7 5 0  0 3  
4  • 2 8 3 6 0  0 3  
4  • 5 1 3 5 0  0 3  
4  • 7 4 6 9 0  0 3  
4  • 9 8 3 4 0  0 3  
5  . 2 2 3 1 0  0 3  
5  • 4 6 5 5 0  0 3  
5  • 7 1 0 3 0  0 3  
5  . 9 5 6 9 0  0 3  
6  •  1 5 3 8 0  0 3  
•  8 7  2 1 4  •  6 8  
•  4 4  2  1 4  •  2 6  
•  4 4  2 1 3  •  8 6  
•  8 7  2 1 3  •  4 9  
•  7 4  2 1 3  •  1 4  
•  0 5  2 1 2 ^ 8 1  
•  8 3  2 1 2  •  4 9  
•  0 6  2 1 2  •  1 7  
•  7 6  2 1 1  •  8 5  
•  9 3  2 1  1  •  5 2  
•  5 8  2 1 1  •  1 5  
•  7 2  2 1 0  •  7 6  
•  3 4  2 1 0  •  3 1  
•  4 7  2 0 9  •  8 1  
•  1 0  2 0 9  •  2 6  
. 2 5  2 0 8  •  6 4  
. 9 4  2 0 7  •  9 6  
•  1 6  2 0 7  •  2 7  
•  9 5  2 0 6  •  5 2  
•  3 0  2 0 5  •  7 4  
•  2 5  2 0 4  •  9 2  
•  8 0  2 0 4  •  0 0  
. 0 1  2 0 2  •  9 0  
•  9 1  2 0 1  •  4 2  
•  7 8  1 9 9  •  8 2  
2 1 3 4  
2  1 3 9  
2 1 4 4  
2 1 4 9  
2 1 5 5  
2162 
2168 
2 1 7 6  
2 1 8 3  
2 1 9 1  
2200 
2 2 0 9  
2 2 1 9  
2 2 2 9  
2 2 4 0  
2 2 5 1  
2262  
2 2 7 5  
2 2 8 7  
2 3 0 1  
2 3 1 5  
2 3 2 9  
2 3 4 5  
2 3 6 0  
2 3 7 3  
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given in the tables are determined from the heat capacity and the Debye 
model (Equation (1-36)) as discussed in Appendix B. 
The deviations from a reduced curve shown in Figure 25 can be used 
to modify the Mie-Gruneisen approximation as was discussed in Chapter I. 
The volume and temperature-dependent Gruneisen parameter defined in 
Equation (1-64) requires the determination of ( ^ ) . This deviation 
\ /T/@Q 
was obtained graphically and could be expressed by the relation 
( H I  = 0.08484 [exp( 38.599 T/0 )- 1] (IV-19) 
\ /T/8 ° 
o 
in units of 10 ^ bar/K. The derivative is difficult to obtain precisely 
since small differences are being taken between the entropies for the 
various isochores, and so any experimental errors are exaggerated. The 
expression also must be extrapolated to higher temperatures since be­
tween 40 and 50 K there are data for only one sample and a derivative 
can not be calculated. Below T/0^ = 0.08, Equation (lV-19) loses any 
validity because the reduced plots of the heat capacity and entropy in 
general coincide. Above T/0^ = 0.08, Equation (lV-19) is estimated to 
be accurate to approximately 25 percent. 
The calculation of the Gruneisen parameter, from Equation 
(1-64) is straightforward where the values for Yq(V) are those tabulated 
in Table 4. The results for all six samples were found to lie on the 
reduced curve shown in Figure 27. Due to the problems in using Equation 
(IV-19) below T/©^ = 0.08, the low temperature part of the curve in 
Figure 27 was determined by extrapolating the higher temperature values 
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Figure 27. Temperature dependence of the Gruneisen parameter 
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to y/YQ = 1 at T=0. This should be valid since Figure 25 shows that the 
Mie-GrUneisen approximation becomes rigorous in the low temperature limit. 
The pressures in Tables 13 through 18 were calculated from the 
relation 
P(V,T) = P(V,Tj + 
T y(V.T)C 
^ dT , (iV-20) 
which follows from the modified Mie-Gruneisen approximation and Equations 
(1-71) and (1-50). Figure 28 shows these results on a pressure-tempera­
ture diagram, with the T=0 pressures (P^) for the isochores also 
tabulated in Table 4. At the melting temperature, the correction term 
which accounts for the temperature dependence of the Gruneisen parameter 
represents approximately 0.5 percent of the absolute pressure, and so 
uncertainties in the correction term produce a minor contribution to the 
uncertainties in the pressure. 
Anderson and Swenson (31) found that the generalized Birch relation 
P(V) = y5 z A (yZ - 1)" , (lV-21) 
n=l " 
= ( f )  
1/3 
where y ( ) and is the T=0, P=0 molar volume, could be used to 
represent their 4.2 K pressure-volume data for hydrogen. This expres­
sion was fit to the present T=0 pressures to obtain P^fv), with the 
resulting parameters 
A^ = 2.63883 kbar 
A^ = 5.86950 kbar 
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V=|6.I93 cm /^molet 
k. 
O 
_o 17.458 
Q. 
FLUID -
22.221 / 
T (K) 
Figure 28. Experimental isochores for solid parahydrogen. The dashed 
curve indicates the region of rapid ortho to para conversion 
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V = 23.234 ± 0.02 cm^/mole 
o 
These parameters and the definition of the bulk modulus» 
B^(V,T) = , (1-60) 
then were used to obtain the results in Table 19. Figure 29 shows the 
deviation of the data in Table 4 from this relation in terms of 
equivalent volume differences, 
AV = - ^  . (lV-22) 
The data are consistent with Equation (IV-21) to better than 0.1 percent 
in the volume. 
The piston-displacement technique which was used by Anderson and 
Swenson (31) at pressures up to 25 kbar gave only the volume ratios 
as a function of pressure. Assuming the value of from above, 
Figure 30 compares the present Birch relation with that of Anderson and 
Swenson (31) where the agreement is generally within the estimated 
- 3  
uncertainty of ± 10 in AV/V. The excellence of the agreement is 
further demonstrated by comparing the P=0 bulk modulus of = 1.70 ± 
0.06 kbar determined by Anderson and Swenson (31) and the present value 
given in Table Î5. 
The Birch relation given by Anderson and Swenson (31) was stated 
to be that for normal hydrogen (75% ortho), although measurements on 
parahydrcgen yielded identical results. A difference, however, should 
f) 
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Table 19. Calculated T=0 pressures and bulk 
moduli based on the Birch relation 
(see text) 
5-»'^ (0.3/1,e) (:!r) (gir) 
23.234 0 1759 
Hg-I 22.221 91.5 2366 
H2-2 22.787 36.6 2009 
H2-3 19.120 662.9 5588 
20.685 304.2 364] 
17.458 1308 8808 
H2-6 16.193 2104 12540 
04 
ro 1 O 0.2 
>® 
o
 
d 
> 0.2 < -
0.4 
Vo=23.234 cm3/mole 
18 20 
V (cm^/mole) 
n )  W 
Figure 29. Deviation of the P^^V) data in Table 4 from the Birch relation, Equation (IV-21) 
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• Vo=23.234 cm^mole 
lO 
I 
O 
p 
0.8 
0.6 
0.4 
0.0 k' 
22 
Figure 30. Deviation of the present Birch relation (solid line) from 
that of Anderson and Swenson (31). The circles show the 
present data 
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be observed between normal and parahydrogen. Jarvis e^ (18,54) have 
measured the îsochorîc change in pressure as orthohydrogen converts to 
parahydrogen and have analyzed their data in terms of changes in the 
molar volume. If their value is recalculated using the present deter­
mination of the bulk modulus, the change in volume from normal hydrogen 
to parahydrogen at 4.2 K should be AV/V =1.1 x 10 which means that 
the bulk modulus of parahydrogen should be approximately 0.13 kbar less 
than that for normal hydrogen. The reason this difference is not seen 
in the data of Anderson and Swenson is not totally clear. Conceivably, 
a conversion of the normal hydrogen to parahydrogen could have occurred 
in their experiment due to the high pressures and possible catalysis by 
the sample container. 
The temperature dependence of the bulk modulus is calculated from 
Equation (1-70). The six isochores are found to approximately follow 
the same curve if B^(V,T)/B^(V) is plotted as a function of T/T^ where 
T^ is the melting temperature. Figure 31 shows the results for the two 
extreme isochores with the other four isochores lying between them. A 
considerable decrease in the bulk modulus is observed as the temperature 
increases. These explicit îsochorîc thermal contributions to the bulk 
modulus are probably accurate to ± 8% which represents approximately a 
one percent uncertainty in the total bulk modulus at the melting 
temperature. 
The T=0, P=0 Molar Volume for Parahydrogen 
The value of for parahydrogen resulting from the Birch relation 
fit (23-23 ± 0.02 cm^/mole) is considerably larger than the common 1 y 
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V = 22.787 cm^/mole _ 1.00 
0.98 - v= 16.193 cm^/mole 
O0.96 
0.94 
0.92 -
0.90 
1.0 0.6 0.8 0.2 0.4 0.0 
T/Tm 
Figure 3'• Temperature dependence of the isothermal bulk modulus 
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used value of 22.65 cm^/mole suggested by Roder et al_. (55). Their 
value must be in error since the present experiment involved measure­
ments on a sample with a volume of 22.787 cm^/mole (H2-2), with no 
indication that the sample was pulling away from the container walls at 
the lowest temperatures. Mills (56) prefers the x-ray determined T=0, 
P=0 molar volume for normal hydrogen of 22.90 ± 0.1 cm^/mole which, when 
increased by the 1.1 percent discussed in the last section, gives 23.15 
± 0.1 cm /mole for parahydrogen. Thus, there Is much uncertainty at the 
present time concerning a value for V^. 
Another method of extrapolating the present data to T=0 is based on 
an empirical observation by Si 1 vera (57). If the thermal pressure along 
* 
the melting line, P (V,T ), is plotted as a function of the T=0 pressure, 
m 
P^(V), for each of the isochores, a roughly linear relationship results. 
This curve can be extrapolated to Pg(V) = 0, where the intercept can be 
used with the known melting parameters to determine V^. if the present 
result is assumed for the molar volume along the melting curve (Equation 
(iV-6)), a value of = 23.24 ± 0.05 cm^/mole is obtained which is in 
excellent agreement with that resulting from the Birch relation (Equation 
(iV-21)). if Younglcve's (46) molar volume equation is used, a value of 
23.17 ± 0.05 cm^/mole results. 
The consistency of the value for can be checked by calculating 
the volume change in solid hydrogen at zero pressure from T=0 to the 
triple point (13.80 K). This was done by assuming = 23.23 cm^/mole 
and extrapolating the present results to obtain C^(T,P=0), where 
Equation (1-74) was used to determine the thermal expansion. The 
128  
thermal expansion then was numerically integrated to give a volume change 
of 0.22 ± 0.02 cm^/mole from T=0 to T = 13-80 K. This volume change 
also can be used quite adequately with determined from Younglove's 
(46) equation due to the very small differences. The derived triple 
point molar volumes are found in Table 20, where the values calculated 
directly from the melting molar volume equations (V^(T)) are also 
indicated. 
The only serious discrepancy in Table 20 is between the two values 
for the triple point molar volume determined from the expressions for 
V (T). This raises the question as to whether Equation (IV-6) can be 
m 
extrapolated to the triple point. The form of Equation (lV-6) is an 
empirical result suggested by the high pressure (5 kbar < P < 10 kbar) 
melting curve determination of Kechin et al. (58). In an attempt to 
check the extrapolation of Equation (IV-6) to lower temperatures, a 
calculation was done using the relation 
where both derivatives and all variables are evaluated along the melting 
line. The pressure derivative was determined from the melting equation 
of Goodwin and Roder (43) while all other parameters on the right hand 
side were determined from extrapolation or the present data. ihi5 
volume derivative was calculated for a number of temperatures between 
the triple point and the melting temperature of sample H2~2, and a 
numerical integration then gave the volume change from that of H2"2. 
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Table 20. Molar volume summary (see text for details) 
y Triple Point Molar Volume (cm^/mole) 
(cm^/mole) From V From V (T) 
o m 
Present Results 23.24 + 0.05^ 23 .46 ± 0.05^ 23.48 ± 0.05^ 
23.23 + o
 
b
 
M
 O
. 
Younglove (46) 23.17 + 0.05^ 23 .39 ± 0.05^ 23.38 ± 0.05^ 
Mills (x-ray) (56) 23.15 + o o 
^Based on the present P vs. P^ plots. 
^From P=0 thermal expansion; AV = 0.22 cm^/mole. 
^Based on the melting molar volume equation. 
^From Birch relation, equation (IV-21). 
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This results in a volume change to the triple point of 0.69 ± 0.02 
3 3 cm /mole which implies a triple point molar volume of 23.48 cm /mole in 
excellent agreement with Equation (lV-6). Thus, the extrapolation of 
Equation (lV-6) is consistent with that expected from the experimental 
heat capacity data. 
The present experiment provides a very self-consistent picture, and 
deviations from what is derived from Younglove's experiment generally 
are within experimental uncertainty. In view of the results in Table 
20, a recommended value of = 23.20 ± 0.05 cm^/mole would give results 
that are in good agreement with all determinations. 
Clustering of Ortho Molecules 
As was pointed out earlier in this chapter, the tendency for the 
orthohydrogen molecules to cluster creates problems in the data analysis. 
The effects of clustering were observed directly by measuring the heat 
capacity as a function of time while maintaining the sample at the same 
average temperature. The equation 
C(t) = C + (C(t=0) - C je't/? (lV-24) 
eq eq 
where represents the equilibrium value of the heat capacity and 
C(t=0) is the initial measurement, was fit to the data tabulated in 
Tables 21 and 22. Figures 32 and 33 give the data and also the smooth 
curve which is fit to them. The data generally were taken by cooling 
the sample from 4.2 K to the desired temperature and then carrying out 
the measurements, so the heat capacity increases in time as the ortho 
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Table 21. Clustering effects in sample Hg-S 
Average 
Temperature Time Cy 
(K) (hour) (mj/mole K) 
rapid cooling from 4.2 K 
2.9989 0 29.235 
2.9991 1.25 30.588 
2.9993 2.25 31.124 
2.9988 4.25 31.500 C = 31.65 mj/mole K 
eq 
after 0.5 hr. at 2.5 K 
2.9991 0 32.471 
2.9994 1.00 32.046 
2.9992 2.17 31.840 
T = 1.48 hr. 
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Table 22. Clustering effects in sample Hg-G 
Average 
Temperature 
(K) 
Time 
(hour) (mj/mole K) 
1.5934 
1.5938 
1.5938 
1.5937 
1.5940 
1.5937 
1.5938 
0 
1.17 
2.08 
3.58 
5.00 
6.50 
8.00 
2.6841 
3.1223 
3.4731 
3.8817 
4.1396 
4.4233 
4.6473 
= 5.2 mj/mole K 
T = 5.53 hour 
2.5098 
2.5098 
2.5098 
2.5099 
2.5036 
2.5098 
0 
0.833 
2.00 
3.67 
5.25 
6.50 
4.2406 
4.4317 
4.5988 
4.7866 
4.8854 
4.9417 
C =5.1 mj/mole K 
eq 
T = 3.78 hour 
3.1916 
3.1919 
3.191s 
3.1915 
3.1913 
0 
0.917 
2.083 
3.75 
5.75 
5-8841 
5.9987 
6.0907 
6.1356 
6.2098 
C = 6.25 mj/mole K 
eq 
T = 2.6 hour 
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V= l7.458cm^/mole 
T= 2.999 K 
32 
*6 30 
T= l.48hr. 
Ceq = 3l.65mj/mole K 29 
0 2 3 4 
t (hour) 
Figure 32. Heat capacity as a function of time for sample 
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6 y -
"1 1 1 1 1 1 r 
V = I6.I93 cm^/mole 
T=3.I9K T=2.6hr. 
S 5 
0 
E 
1 4 
> 
o 
T=2.5IK 
+ 
T=3.78hr, 
T=l.59 K 
T=5.53hr. 
< L 
i 
J ^ 
0 12 3 4 5 6 7 
t (hour) 
8 
Figure 33. Heat capacity as a function of time for sample for 
three different temperatures 
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molecules cluster. However, after the first four measurements in Table 
21 (Figure 32), the sample was allowed to cool to 2.5 K for approximately 
a half hour. A decrease in the heat capacity with time was observed 
after warming back to the initial temperature. This decrease is due to 
the breaking up of the extra clusters of orthohydrogen which were formed 
at 2.5 K. 
Although there are really not enough data to make a quantitative 
analysis, some general comments are necessary. The clustering is a 
large effect which definitely can account for the excess hump observed 
in the lattice data. The time constant appears to increase with de­
creasing temperature, with the magnitude appearing to be consistent with 
experiments quoted earlier (4,16,17). Conclusions can not be made con­
cerning the effects of pressure on the clustering rate since the two 
samples have different ortho concentrations. Heat capacity measurements 
are a feasible way to study the clustering effects, but for the purpose 
of the present work, the time constants are sufficiently long to make it 
impractical to wait for equilibrium to be established. A systematic 
study of the effects of molar volume, temperature, and ortho concentra­
tion on the clustering rate would be interesting. Also, measurements of 
the heat capacity for an equilibrium distribution at different molar 
volumes could be valuable for comparison with theoretical calculations. 
Rapid Ortho Conversion 
As was mentioned earlier, a region of temperature was discovered 
in which an unusually large heat evolution was observed. This was 
detected first in sample ^^-3 through observations of the temperature 
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drifts during heat capacity measurements. In the ideal data point, the 
sample is warming before the heat pulse and cooling after the heat pulse 
since the sample shield is set at the midpoint temperature. This is 
illustrated in the top diagram of Figure 3h which is a scale drawing of 
the actual strip chart recording of two data points. When the heat 
evolution started, the sample was observed to warm both before and after 
the heat pulse as illustrated in the bottom diagram of Figure 34. 
The large heat evolution is attributed to a rapid conversion of 
orthohydrogen to parahydrogen, as is evidenced by the decrease in the 
low temperature ortho pairs anomaly after aging in the region of heat 
evolution (see Table 5; samples and H^-5). Since para to ortho 
conversion occurred in the high pressure separator, this aging process 
proved useful to obtain high purity parahydrogen samples, particularly 
in samples and Hg-G which were the highest pressure samples. 
Figures 35 and 36 are a plot of the heat evolution observed in 
samples and Hg-S. In the figures, the initial data indicates the 
heating rate measured just before the aging process, which for is 
directly after completion of data set 1. The crosses represent the 
heating rate immediately upon completion of the aging, while the final 
data are heating rates measured after completion of the heat capacity 
data, and so the sample has been warmed to the melting line and cooled 
back down. The conversion heating rate is approximately constant from 
4 K to the temperature where a rapid increase is suddenly observed. 
The decrease at the higher temperatures conceivably is due to the fact 
that above 25 K, statistical equilibrium rapidly changes in favor of 
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7=8.506 K 
AT=0.3894 . 
--midpoint of pulse 
0.87mK 
*271177.09 
Shield at IIK 
0=221.18 mj/K 
T= 11.008 K 
AT=0.4067 
midpoint of pulse 
0.38mK 
Figure 34. Typical drift rates observed in data taking. The top 
diagram illustrates the ideal drifts and the bottom diagram 
illustrates the onset of the rapid conversion heating. 
Time progresses from the bottom of the diagram to the top, 
with warming indicated by drifts to the left 
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higher ortho concentrations, and so any conversion towards statistical 
equilibrium should start slowing down. The increase in the final heating 
rate above that measured immediately after the aging process is an in­
dication that some conversion of para to ortho occurred during the high 
temperature heat capacity measurements. 
Although a systematic measurement of the heating rate was done only 
for the last two samples, an estimate can be made for the other samples 
from the observed drift rates on the strip chart recordings. The heating 
in sample Hg-S was observed to start at 11 K and was estimated to peak 
-7 
near 13 K. The 4 K heating rate was 2.6 x 10 watt and the 13 K peak 
heating was 9 x 10 ^ watt. The excess heating for began at 9.2 K. 
and peaked near 11 K, where the magnitude was 10 ^ watt. The 4 K rate 
_ 7  
was approximately 10 watt. The strip chart recordings for samples 
and ^^"2 were carefully analyzed after the observations of the 
heating in the other four samples. Sample H^-l exhibited a very small 
effect near 8.5 K which probably would have not been detected except 
for the experience in the other four samples. The rate could not be 
-6  
estimated and must be < 10 watt. No heating effect could be detected 
in the strip chart recordings for the lowest pressure sample H2-2. An 
estimate could not be made as to whether or not the heating subsided at 
higher temperatures. This is because the heating rate is relatively 
small, and as the temperature increases, the heat capacity of the bomb 
increases resulting in much lower drift rates and very inaccurate deter­
minations . 
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The above results are summarized on the pressure-temperature diagram 
in Figure 28 where the dashed curve indicates the estimated region when 
the peak conversion heating is reached. An interesting note is that 
Ahlers (1) reports observing a heat evolution near 14 K in a sample 
corresponding to 18.73 cm^/mole which is in very favorable agreement 
with the curve in Figure 28. No effect on the heat capacity was observed 
on crossing this "heating curve" and the lattice heat capacity agreed to 
within the accuracy of this experiment both before and after the aging 
cycle. This is illustrated in the fact that both data sets for samples 
and agree at higher temperatures even though the low tempera­
ture anomaly is of drastically different magnitudes. 
An estimate of the percentage change in ortho concentration during 
the aging process can be made from the heating rate data given in Table 
23. A numerical integration of the data will yield a change in energy 
which can be equated to the heat which is evolved in an ortho to para 
conversion. Table 24 contains the time variation of the ortho concen­
tration, which is based on estimating the ortho concentration at the end 
of the aging process to be 0.5 percent for sample and 0.3 percent 
for sample H^-ô. if Equation (i-7) is used to describe the conversion, 
the rate constant can be calculated from the estimated concentration 
and the heating rate which is directly related to do/dt. These results 
also are found in Table 24, where inaccuracies in the ortho concentration 
make any observed variation of the rate constant impossible to analyze. 
The important point is that the rate constant is typically 10 to 50 times 
larger than what would be expected from the work of Ahlers (12). Similar 
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Table 23. Change in heating rate with time 
during the aging of sample H2-5 at 
18.5 K and sample H2-6 at 22 K 
Heating Rate in Heating Rate in 
Time Sample H2-5 Sample H2-6 
(days) (watt) (watt) 
0  -  1 .53  X  l o " ^  
1.0 9.78 X 10~^ 4.22 X 10"^ 
2.0 -  1.78 X  10"^ 
3.0 6.76 X  10~^ 9.43 X  10"^ 
4.0 - 5.89 X  10~^ 
5.0 4.94 X  10"^ 
6.0 4.57 X  10"^ 2.34 X  10"^ 
7.0 -  1.58 X lo"^ 
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Table 24. Estimated ortho concentration and rate constant in the 
temperature region of rapid ortho conversion 
Time Estimated Ortho Concentration Estimated Rate Constant 
(days) {%) 10-3 (% hr.)"? 
Hg-S Hg-S 
0 _ 5.60 _ a,g 
1.0 1 .70 2.34 5.13 10.7 
2.0 - 1.34 - 13.7 
3.0 1.10 0.895 8.50 16.5 
4.0 - 0.635 - 20.4 
5.0 0.672 - 16.5 
6.0 0.50 0.365 27.6 24.5 
7.0 -  0.30 - 24.5 
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calculations using the 4 K heating rate yield rate constants in fair 
agreement with Ahlers (12). 
The mechanism for the rapid conversion is not totally clear. The 
NMR experiments of Buzerak al_. (59) show an unexpected temperature 
dependence in the transverse relaxation time which they attribute to a 
coupling between the molecular rotation and the lattice vibrations. 
This coupling, in conjunction with thermally activated diffusion which 
becomes appreciable at temperatures above 9 K, could explain the present 
increase in conversion rate. However, the possibility of catalysis by 
the bomb construction materials can not be overlooked. Since the heating 
effect was unobserved in the lowest pressure sample and was just barely 
detectable in sample which had a relatively high ortho concentration 
(3%), the mechanism for the conversion must be very dependent on the 
molar volume. This volume dependence may be related to the increasing 
importance of one phonon processes for conversion for molar volumes less 
•J 3 
than 20 cm /mole (13,14). At 20 cm /mole the value of kg®^ is roughly 
equivalent to the energy released in an ortho to para conversion, and as 
indicated from the dispersion curves of Nielsen (52), a peak occurs in 
the density of states near k^G^. Thus, a one phonon process is energet­
ically possible. 
Lindemann Melting Relation 
The Lindemann melting formula is based on the postulate that a 
solid will melt when the mean displacement of atoms from equilibrium 
positions reach a certain fraction of the mean radius of a unit cell. 
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Using the expression from Ziman (60), the classical Lindemann relation 
for hydrogen is 
<x^>^ = (401 .33 cmf-K) , , (iV-25) 
8 
o 
where x represents the ratio of the atomic displacement to the radius of 
a unit cell. This is strictly valid only when T » and so realisti­
cally can not be applied to hydrogen. To obtain the exact expression. 
Equation (2.111) in Ziman (60) must be used to obtain 
? 
<x2>* = (401.33 cm^-K) , I, , (lV-26) 
0 V '• 
o 
where 
0 /T 
o , , , 
+ — : [ 
e^ -  1 2 
zdz 
and z is simply a variable of integration. The value of the integral was 
evaluated numerically, and the results for the various samples are given 
in Table 25 and plotted in Figure 37. 
Nielsen (52) has used neutron scattering on parahydrogen to deter-
2 ®2 
mine <u > = 0.46 A at 5.4 K where u is the displacement from the lattice 
2 i 
site. The exact relationship given above can be used to calculate <x > 
2 i for the T=0, P=0 molar volume, and this results in <x > = 0.321 at 
5.4 K. At 23.20 cm^/mole the effective radius is 2.095 A which then 
2  " 2  gives <u > = 0.45 A in excellent agreement with Nielsen. 
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Table 25. Lindemann melting relation 
(îy ' sût) (d'amical) 
H2-I 134.5 17.377 16.63 .324 .221 
H^-2 126.5 15.667 17.94 .330 .221 
H^-3 184.7 30.357 10.88 .299 .224 
H2-4 156.2 22.822 13.35 .312 .223 
H^-5 221.6 40.944 8.937 .287 .223 
H^-S 254.2 51.776 7.627 .279 .224 
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Figure 37. Lindemann melting relation 
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Phase Trans i tion 
There has been much speculation in the last few years as to the 
possibility that a phase transition exists in parahydrogen near the 
melting line (61,62). The thermal expansion measurements of Hanzhelii 
(63) indicate a transition for pressures ranging from 31 kg/cm to 
2 202 kg/cm , with the transition temperature approximately 1 K lower than 
the melting line. The higher temperature phase appears to have a 0.15 
percent smaller molar volume than the low temperature phase (along an 
isobar), They further indicate that the phase transformation curve 
2 
appears to meet the melting curve near 31 and 202 kg/cm although they 
caution against using their data to construct a P-T diagram. Their work 
also indicates that this transformation is independent of ortho concen­
tration. 
The low temperature and low pressure structure of parahydrogen is 
hexagonal close-packed (55). Grushko et al. (64) have carried out x-ray 
investigations of the high temperature phase of parahydrogen at pressures 
of 80 to 100 bar and have determined it to be an fee lattice. Further­
more, their work indicates that both the fee lattice and the hep 
lattice are present in the premelting temperature range. This makes the 
observation of a phase transition very difficult when studying the thermo­
dynamic properties, indications of a hep to fee transition are also 
given by Durana and McTague (65) who observed the transition at low tem­
peratures in the pressure range of 400 to 89O bar using Raman scattering. 
The present experiment gives no indication of a phase transition 
even though data were taken across the suspected temperature range. The 
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last data point generally had an average temperature approximately 0.5 K 
below the melting temperature, and so the heat pulse actually ended 
within 0.3 K of the melting line. The possibility exists that the phase 
transition only appears during a plastic flow in solid hydrogen (63), 
and if this is the case, the present results should show no transition. 
Experimental Uncertainties 
The reproducibility of the heat capacity measurements varied some­
what with temperature but was typically ± 0.1 percent. Due to the large 
contribution of the addenda heat capacity (Figure 7)> a 0.1 percent 
uncertainty in the total heat capacity measurement will be reflected as 
approximately 0.2 to O.3 percent uncertainty in the sample determination. 
As pointed out earlier, any systematic errors which are identical to 
both the addenda and sample measurements should cancel, since the differ­
ence between che measurements is the important quantity. This does not 
exclude the possibility of systematic errors arising which are unique to 
the presence of hydrogen in the bomb. Errors which may arise due to the 
thermal contact of the heater with the bomb must be minimal since sample 
which was measured with a completely different set of heaters from 
the other five samples, gives results which are consistent with all other 
measurements (Figure 25). Systematic errors may arise in the corrections 
to V(T=0), but these corrections are relatively small and any uncertain­
ties introduced into the data are limited to the high temperature and 
high pressure data. The final constant volume heat capacity data should 
have an uncertainty of less than ± 0.5 percent. 
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Further uncertainties are introduced in the determination of the 
lattice heat capacity due to the necessity of extrapolating the higher 
temperature data to T=0. Unless something unusual happens in the lattice 
contribution to C^, these extrapolations should yield results near T=0 
with an estimated uncertainty of ± 1 percent. This then means 0^ is 
uncertain to approximately 0.3 percent. 
Most of the uncertainties have been estimated throughout this work, 
but special consideration must be given to the pressures. The accuracy 
of the pressures given in this experiment are dependent on the accuracy 
of the melting relation of Goodwin and Roder (43). They estimate their 
equation to be good to ± 1 atmosphere for pressures below approximately 
350 atmospheres, with unknown uncertainties above this pressure. Since 
sample Hg-G was solidified at constant pressure, a determination of the 
melting pressure and temperature could be made. This high pressure 
result (P ~ 2350 bar) was found to agree with the equation of Goodwin 
and Roder (43) to one bar. Thus, their equation appears to rive a 
fairly accurate determination of the melting line, although a redeter­
mination of the melting pressure-temperature parameters would be 
valuable. A one bar uncertainty at low pressures corresponds to approx-
- 4  imately AV/V = 5 x 10 which is not a significant error in the volume 
determinations. 
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CHAPTER V. SUMMARY 
The present constant volume heat capacity measurements have shown 
that the Mie-Gruneisen approximation describes the low temperature lat­
tice properties of solid parahydrogen. The deviations from this model 
at higher temperatures are similar to those which have been observed in 
solid helium and neon, and can be used within a modified Mie-Gruneisen 
approximation to determine a volume and temperature dependent Gruneisen 
parameter. This permits a determination of all the thermodynamic 
properties of parahydrogen from T=0 to the melting line and at pressures 
up to approximately 2350 bar. The derived equation of state and bulk 
modulus are found to give excellent agreement with previous experiments 
at T = 4.2 K. No evidence of a phase transition was observed. 
The first direct measurements have been performed to determine the 
molar volume along the melting curve. This was used in conjunction with 
the equation of state results to give a T=0, P=0 molar volume for para­
hydrogen which is somewhat larger than previous determinations. The 
melting curve also permitted a check of the Lindemann melting relation. 
The effects of small orthohydrogen impurities had to be considered 
in the analysis of the data. The low temperature anomaly due to the 
orthohydrogen could be described quite well by a fixed distribution of 
ortho pairs, and a value for the electric quadrupole-quadrupole coupling 
constant could be determined. However, direct evidence for the 
clustering of ortho molecules was observed as a time-dependent heat 
capacity. An enhanced conversion of orthohydrogen to parahydrogen was 
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found to occur at a certain temperature which is a function of the molar 
vo1ume. 
The constant volume heat capacity data resulting from this experiment 
can serve as a basis for comparison with temperature dependent theoretical 
models. Unfortunately, there are no theoretical calculations which can 
be compared directly to the present data. Anderson et al. (38) have 
compared their calculated heat capacity for a molar volume of 18.73 
cm^/mole with the work of Ahlers (1) and have found their results to be 
approximately 16 percent higher than experiment. However, Figure 26 
indicates that the present results are larger than the heat capacity 
measurements of Ahlers (1) and so are in better agreement with the 
theoretical calculations. A quantitative comparison with the theoretical 
work can not be made and a calculation of the heat capacity for the 
present molar volumes would be valuable. 
The measurement of the constant volume heat capacity for deuterium 
(D^) and hydrogen deuteride (HD) would be an interesting supplement to 
this experiment, if the intermolecular potential is the same for the 
various isotopes of hydrogen, a scaling with T/®^ similar to that in 
hydrogen should be expected. Furthermore, hydrogen and its isotopes 
provide a system for studying mass effects on the Debye temperature and 
also on the physical properties in general. 
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APPENDIX A. EXPERIMENTAL DATA 
The following tables contain the experimental constant volume heat 
capacity data corrected to the T=0 molar volume. The first column in­
dicates the data point number, where the date (day, month, year) is in­
dicated to the left of the decimal point and the daily data number is to 
the right of the decimal point. The second column gives the temperature 
of the measured data point and the third column gives the total sample 
heat capacity. The fifth column is the pairs contribution to the heat 
capacity based on the two term approximation to the fixed pairs model 
(Equation (IV-S) and Table 5)- The fourth column is the "lattice" heat 
capacity which is found by subtracting column 5 from column 3- This 
differs from the lattice fit equations at low temperatures due to the 
clustering problems discussed in the text. The last column indicates 
the temperature variation of the Debye theta and shows deviations from 
the Debye model. Two data sets are given for samples Hg'S and 
which correspond to before and after aging the sample in the region of 
rapid ortho to para conversion. 
Caution must be exercised in using the pairs heat capacity as found 
in the tables. Column 5 represents only a fixed pairs approximation, 
and as indicated in the text, clustering can cause significant deviations 
from this theory. If an accurate evaluation of the anomaly is desired, 
the lattice contribution as given by Equation (lV-14) and Tables 6 
through 12 should be subtracted from the total measured heat capacity of 
column 3. 
Table Al Data for sample Hj- i ; V = 
CM CM 7  2 2 1  cm /mole 
P O I  N T  T E W P  T O T A L  C V  L A T T I C E  C V  A N O M A L Y  C V  T H E T A  
( K )  ( M J / M O L E  K )  ( M J / M O L E  K )  ( M J / M O L E  K )  ( K )  
3 0 0 9 7 7  •  0 1  2 .  0 7 2 4  e . ,  1  2 7 7 D  0 1  7 . 1  9 9 5 0  0 0  5 . 4 0 7 8 0  0 1  1 3 3 . 9 4  
3 0 0 9 7 7  . 0 2  2 .  1 6 4 2  6 . .  0 3  0 8 D  0 1  8 . 2 4 6 5 0  0 0  5 . 2 0 5 9 0  0 1  1 3 3 . 6 7  
3 0 0 9 7 7  . 0 3  2 . 4 4 6  6  5 . , 8  0  0 6 D  0 1  1 . 2 2 3 0 0  0  1  4 . 5 7 7 6 0  0 1  1 3 2 . 5 3  
3 0  0  9 7  7  .  G  4  2 . 5 7 9 6  5 . . Ô 8 6 2 0  0 1  1 . 3 8 9 2 0  0  1  4 . 2 9 7 0 0  0 1  1 3 3 . 9 2  
3 0 0 9 7 7  . 0 5  2 . 7 5 7 8  5 » 7  0 6 2 D  0 1  1 . 7 6 0 2 0  0  1  3 . 9 4 6 0 0  0 1  1 5 2 . 3 1  
3 0 0 9 7 7  .  0 6  2 . 9 1 9  1  5 . .  7 6 2 2 0  0 1  2 . 1 0 5 6 0  0 1  3 . 6 5 6 6 0  0 1  1 3 1 . 8 8  
3 0 0 9 7 7  . 0 7  3 . 0 7 8 6  5 o 9 2 1 9 D  0 1  2 . 5 2 9 9 0  0 1  3 . 3 9 2 0 0  0 1  1 3 0 . 8 8  
3 0 0 9 7 7  . 0 8  3 . 3 1 0 1  6 » l 2 1 1 0  0 1  3 . 0 6 9 6 0  0 1  3 . 0 5 1 4 0  0 1  1 3 1 . 9 3  
3 0 0 9 7 7  ,  0 9  3 . 5 2 5 5  6 j , 5 8 0 3 D  0 1  3 . 8 0 6 8 0  0  1  2 . 7 7 4 0 0  0 1  1 3 0 . 7 9  
3 0 0 9 7 7  . 1 0  3 . 5 8 4  0  6  < >  6  6  2 6 D  0 1  3 . 9 5 6 0 0  0 1  2 . 7 0 4 6 0  0 1  1 3 1 . 2 5  
3 0 0  9 7 7  . 1  : i  3 . - ' 1 5  1  7 „ 0 1 8 2 D  0 1  4 . 4 6 0 8 O  0 1  2 . 5 5 7 4 0  0 1  1 3 0 . 7 3  
3 0 0 9 7 7  . 1 2  3 . 9 9 9 3  ? . .  9 2 8 1 D  0 1  5 . 6 5 3 6 0  0 1  2 . 2 7 4 5 0  C l  1 3 0 . 0 4  
3 0 0 9 7 7  . 1 3  4 . 4 0 3 0  9 < . 6 5 4 8 D  0 1  7 . 7 1 1 3 0  0 1  1  . 9 4 3 4 0  0 1  1 2 3 . 1 0  
2 9 0 9 7 7  . 0  1  4 . 6 6 1 5  1 ,  2 3 1 7 D  0 2  1 . 0 6 7 2 0  0 2  1  . 6 4 5 4 0  0 1  1 2 7 . 9 1  
3 0 0 9 7 7  . 1 4  5 . 0 6 0 9  1 . .  3 7 2 5 0  0 2  1 . 2 1 3 8 0  0 2  l  . 5 3 6 3 0  0 1  1 2 7 . 3 9  
2 9 0 9 7 7  . 0 2  5 . 4 4 7 6  1  . . 6 9 5 5 D  0 2  1 . 5 6 0 2 0  0 2  1  . 3 5 2 6 0  0 1  1 2 6 . 2 9  
2 9 0 9 7 7  .  0 3  6 . 2 6 2  1  2 i 6 1 9 8 0  0 2  2 . 5 1 4 0 0  0 2  1 . 0 5 8  1 0  0  1  1 2 3 . 5 2  
2 9 0 9 7 7  . 0 4  7 . 1 5 6 7  4 . . 0 7 6 6 0  0 2  3 . 9 9 3 4 0  0 2  8 . 3 2 1 4 0  0 0  1 2 1 . 2 8  
2 9 0 9 7 7  . 0 ! 3  7 . 7 6 4  7  5 . 3 8 3 3 0  0 2  5 . 3 1 1 6 0  0 2  7 . 1 7 2 0 0  0 0  1 1 9 . 6 3  
2 9 0 9 7 7  .  0 6  8 . 5 1 4 3  7 .  3  8 3 4 0  0 2  7 . 3 2 2 9 0  0 2  6 . 0 5 3 1 0  0 0  1 1 7 . 8 1  
2 9 0 9 7 7  . 0 7  9 . 4 3 5 4  1  , , 0 4 5 4 0  0 3  1  . 0 4 0 4 0  0 3  5 . 0 0 1 9 0  0 0  1 1 5 . 9 9  
2 9 0 9 7 7  . 0 8  1 0 . 3 2 4 1  1 ,  4  0  9 7 0  0 3  1  . 4 0 5 4 0  0 3  4 . 2 2 6 3 0  0 0  1  1 4 . 5 2  
2 9 0 9 7 7  . 0 9  1 1 . 4 5 7 9  1 . 9 6 8 6 0  0 3  1 . 9 6 5 1 0  0 3  3 . 4 7 2 5 0  0 0  1  1 3 . 0 3  
2 9 0 9 7 7  . 1 0  1 2 . 5 1 8 3  2  < , 1 5 7  1  1 0  0 3  2 . 5 6 8 2 0  0 3  2 . 9 3 5 8 0  0 0  1 1 2 . 0 6  
2 9 0 9 7 7  .  1  l  1 3 . 4 8 2 5  3 . 2 0 0 1 0  0 3  3 . 1 9 7 5 0  0 3  2 . 5 4 8 7 0  0 0  1 1 1 . 0 7  
l  1  0 7  7  . 0 1  1 4 . 0 4 3  6  3 , 5 9 0 6 0  0 3  3 . 5 8 8  3 0  0 3  2 . 3 5 7 6 0  0 0  1 1 0 . 5 7  
2 9 0 9 7 7  . 1 2  1 4 . 5 4 5 0  3 . .  9  4  7 8 0  0 3  3 . 9 4 5 6 0  0 3  2 . 2 0 4 5 0  0 0  1 1 0 . 2 1  
1 1 0 7 7 . 0 2  1 5 . 0 0 6 6  4 . 2  9  7 7 D  0 3  4 . 2 9 5 7 D  0 3  2 . 0 7 6 2 D  0 0  1 0 9 . 7 7  
1 1 0 7 7 . 0 3  1 6 . 0 0 2 9  5 . 0 9 2 1 D  0 3  5 . 0 9 0 3 D  0 3  1 . 8 3 4 9 D  0 0  1 0 6 . 7 6  
1 1 0 7 7 . 0 4  1 6 . 5 0 4 3  5 . 5 1 6 2 0  0 3  5 . 5 1 4 5 0  0 3  1 . 7 2 9 1 0  0 0  1 0 8 . 1 7  
1  1 0 7 7 . 0 5  1 6 . 9 4 7 1  5 , .  9 0 0 9 0  0 3  5 . 6 9 9 2 0  0 3  1 . 6 4 3 0 0  0 0  1 0 7 . 6 2  
3 Table A2. Data for sample H^-2; V = 22.787 cm /mole 
P O I  N T  T E M P  T O T A L  C V  L A T T I C E  C V  A N O M A L Y  C V  T H E T A  
( K >  ( M . J / M U L E  K )  (  M J / M C L E  K )  ( M J / M G L E  ;  K )  C K  )  
2 0 1 0 7 7  . 0 1  1  .  4 7 7  1  1 , 6 6 4 8 0  0 1  3 . 2 5 1 5 0  0 0  1  . 3 3 9 6 0  0 1  1 2 4 . 4 3  
2 0 1 0 7 7  . 0 2  1  . 5 5  1 7  1 , 7 1  6 9 D  0 1  3 . 5 2 8 1 0  0 0  1  . 3 6 4 1 0  0 1  1 2 7 . 2 0  
2 0 1 0 7 7  . 0 3  1  . 6 3 7  7  1 * 8 1 9 5 0  0 1  4 . 5 4  7 8 0  0 0  1 . 3 6 4 8 0  0 1  1 2 3 . 3 6  
2 0 1 0 7 7  . 0 4  1  . 7 0 9 5  1 ,  8 4 5 3 0  0 1  4 . 9 5 2 9 0  0 0  1 . 3 5 0 0 0  0 1  1 2 5 .  1 6  
2 0 1 0 7 7  .  0 5  1  . 7 9 5 5  1 , .  8 8 5 0 0  0 1  5 . 6 4 6 6 0  0 0  1  . 3 2 0 4 0  0 1  1 2 5 . 8 3  
2 0 1 0 7 7  . 0 6  1  .  < 3 4 3 4  1  , , 9 6  8 2 0  0 1  7 . 1 9 0 7 0  0 0  1 . 2 4 9 2 0  0 1  1 2 5 . 9 6  
2 0 1 0 7 7  . 0 7  2  .  0 3 8  1  2 . . 0 2 4 3 D  0 1  8 . 2 2 2 5 0  0 0  1 . 2 0 2 0 0  0 1  1 2 6 . 0 2  
2 0 1 0 7 7  . 0 8  2  .  1 5 2 8  2 . .  1 2 2 4 0  0 1  9 . 8 2 2 9 0  0 0  1 . 1 4 0 1 0  0 1  1 2 5 . 4 5  
2 0 1 0 7 7  , 0 9  2  . 3 3 5 6  2 , . 2 8 6 5 0  0 1  1  . 2 4 3 9 0  0  1  1  . 0 4 2 6 0  0 1  1 2 6 . 8 0  
2 0 1 0 7 7  . 1  C  2  .  5 3 6 3  2 ,  5 6 7 5 0  0 1  1  . 6 2 4 9 0  0 1  9 . 4  2 6  3 0  0 0  1 2 4 . 9 7  
2 0 1 0 7 7  . 1 1  2  . 7 8 0 1  3 . .  0 2 7 7 0  0 1  2 . 1 9 3 5 0  0 1  8 . 3 4 2 7 0  0 0  1 2 5 . 9 4  
2 0 1 0 7 7  . 1 2  2  . 9 3 7 0  3 . 3 5 5 1 0  0 1  2 . 5 8 2 8 0  0 1  7  . 7 2 2 6 0  0 0  1 2 4 . 0 0  
2 0  1 0 7 7  . 1 3  3  .  1 9 9 2  4 „ 0 6 4 8 0  0 1  3 . 3 8 3 6 0  0  1  6 . 8 1 1 6 0  0 0  1 2 3 . 4 4  
2 0 1 0 7 7  . 1 4  3  .  5 3 9 1  5 . . 4 5 0 4 D  0 1  4 . 9 8 7 9 0  0 1  5 . 7 0 4 8 0  0 0  1 2 2 . 5 1  
2 0  1 0 7 7  . 1 5  3  . 7 6 2  4  6 „ 1 6 5 8 0  0 1  5 . 6 3 6 6 D  0 1  5 . 2 9 2 2 0  0 0  1 2 2 . 4 6  
2 0 1 0 7 7  .  1 6  3  .  9 4 5 2  7 ,  0 7 3 9 D  0 1  6 . 5 8 3 8 0  0 1  4 . 9 0 1 0 0  0 0  1 2 1 . 9 3  
2 0 1 0 7 7  . 1 7  4  . 3 1 1 0  9 . .  1 5 5  1 0  0 1  6 . 7 3 1 8 0  0  1  4 . 2 3 3 1 0  0 0  1 2 1 . 2 7  
2 1 1 0 7 7  • o:i A  •  9 3 4  0  1 « 3 8  8 3 0  0 2  1  . 3 5 4 6 0  0 2  3 . 3 6 5 2 0  0 0  1 1 9 . 9 0  
2 1 1 0 7 7  . 0 2  5  .  6 3 1  2  2 „ 1 3  7 5 0  0 2  2 . 1 1 C 8 0  0 2  2 . 6 7 1 4 0  0 0  1 1 8 . 0 3  
2 1 1 0 7 7  . 0  3  6  .  1 3 3 7  2 . . 0 5 4 7 O  0 2  2 . 8 3 1 7 0  0 2  2 . 2 9 6 7 0  0 0  1 1 6 . 5  1  
2 1 1 0 7 7  .  0 4  6  . 7 6 7 4  4 ,  0 2  0 4 0  0 2  4 . 0 0 1  l O  0 2  1 . 9 2 2 0 0  0 0  1 1 4 . 6 1  
2 1 1 0 7 7  . 0 5  7  . 5 6 5 6  5 , . ' ? 7 7 7 0  0 2  5 . 9 6 2 0 0  0 2  1 . 5 6 1 3 0  0 0  1 1 2 . 4 1  
2 1 1 0 7 7  . 0 6  a .  2 1  9 0  7 . . 9 0 4 8 0  0 2  7 . 8 9 1 3 0  0 2  1 . 3 4 6 0 0  0 0  1  1 0 . 9 1  
2 1 1 0 7 7  . 0 7  9 . 0 3 1  1  1 „ 0 9 0 8 0  0 3  1 . 0 8 9 6 0  0 3  1  . 1 2 9 7 0  0 0  1 0 9 . 2 9  
2 1 1 0 7 7  . 0 1 3  1 0  .  0 2 3 1  1  . , 5 4  0 9 0  0 3  1 . 5 3 9 9 0  0 3  9 . 2 9 2 9 0 - 0 1  I  0 7 . 7 2  
2 2 1 0 7 7  .  C I  1 1  •  0 2 6  4  2 , .  0 3 8 3 0  0 3  2  . 0 8 7 5 0  0 3  7 . 7 6 1 6 0 - 0  1  1 0 6 . 4 5  
2 2 1 0 7 7  . 0 2  1 2  . 5 0 1  2  2 , .  1  0 5 3 0  0 3  3 . 1 0 4 7 0  0 3  6 . 0 4 0 4 0 - 0 1  1 0 4 . 8 4  
2 2 1 0 7 7  . 0  3  1 3  .  4 6 3  9  3 . . 7 7 1 2 0  0 3  3 . 7 7 0 7 0  0 3  5 . 3 0 6 3 0 - 0 1  1 0 3 . 9 2  
2 2 1 0 7 7  .  0 4  1 4  . 4 4 0 2  4 . .  5 6 9 3 0  0 3  4 . 5 6 8 9 0  0 3  4 . 6 3 9 8 0 - 0 1  1 0 2 . 8 9  
2 2 1 0 7 7  . 0 5  1 4  . 9 9 2  1  5 * 0 4 6 7 0  0 3  5 . 0 4 6 3 0  0 3  4 . 3 1 7 1 0 - 0 1  1 0 2 . 2 9  
3 Table A3. Data for sample H^-S, data set 1; V = 19.120 cm /mole 
POI NT TEMP TOTAL CV LATTICE CV ANOMALY CV THETA 
(  K) (MJ/MOLE K) (MJ/MOLE K) (MJ/MOLE K) (K ) 
51 177 .01 1.6063 2.0309D 01 1.33650 00 1.94720 01 181.99 
51 177 .02 1 .677 3 2.  1839D 01 1 .44 960 00 2.03890 01 184.96 
51 177 .03 1.8148 2.2864D 01 1 .74160 00 2.11220 01 188.24 
51177 •  04 1.9149 2.3060D 01 1 .96670 00 2.10940 01 190.74 
51177 .05 2.0374 2.3296D 01 2.61860 00 2.06770 01 164.47 
51 177 .06 2.  1496 2.3 264D 01 3.19130 00 2.00730 01 182.22 
51177 .07 2.2780 2.3127D 01 3.88780 00 1.92390 01 180.80 
51 177 .08 2.4048 2.2858D 01 4.51310 00 1.83450 01 181.60 
51177 .09 2.580 1 2.27LOD 01 5.62690 00 1.70830 01 181.04 
51177 .10 2.6986 2.2620D 01 6.37300 00 1.62470 01 181.65 
51 177 .11 2.  6057 2.2422D 01 6.90610 00 1 .55160 01 183.87 
51177 .12 2.  94 14 2.24 72D 01 7.84040 00 1 .46310 01 184.78 
51177 .13 3.0834 2.2936D 01 9.17690 00 1.37600 01 183.80 
31 177 •  14 3.  2465 2.3623D 01 1 .07940 01 1.28290 01 183.33 
51177 .15 3.5861 2.5930D 01 1 .43020 01 1.11270 01 182.27 
51 177 •  16 3.7393 2.7196D 01 1 .674 10 01 1 .04550 01 182.42 
51 177 .  1 7 3.9086 2.9059D 01 1 .92850 01 9.77370 00 181.90 
51 177 .18 4.2090 3.3045D 01 2.4 33 80 01 8.70700 00 181.26 
51 177 .19 4.431 2 3.65780 01 2.8558D 01 8.01930 00 180.92 
41177 .01 5.2358 5.4334D 01 4.82480 01 6.08580 00 179.49 
61177 .02 5 .539 2 6.3127D 01 5.75970 01 5.52960 00 179.00 
61177 .03 6.2597 9.0257D 01 8.57840 01 4.47310 00 177.13 
41177 .02 7.1644 1.3685D 02 1 .3 3330 02 3.52100 00 175.02 
51 177 .20 7.2433 1.4175D 02 1.38290 02 3.4525D 00 174 .eo  
61177 .04 7.824 6 1.81350 02 1 .78350 02 3.00380 00 173.4B 
61 177 .05 8.6103 2.491 3D 02 2.46600 02 2.52310 00 171.35 
61 177 .06 9.4155 3.38 060 02 3.35920 02 2.14030 00 169.03 
51 177 .21. 10.0437 4.22840 02 4 .20950 02 1.89870 00 167.24 
61 177 .07 10 .  522 6 4.96030 02 4.94340 02 1.74 090 00 166.06 
7 1 1 7 7  . 0  1  1 0 .  
7 1 1 7 7  . 0 2  1 2 .  
7 1 1 7 7  . 0 3  1 2 .  
7  1 1 7 7  . 0 4  1 4 .  
7 1 1 7 7  . 0 5  1 4 .  
7 1  1 7 7  . 0 6  1 5 .  
1 1 1 1 7 7  .  C 2  1 6 .  
7 1  1 7 7  . 0 7  1 7  .  
7 1  1 7 7  . 0 8  1 7 .  
7 1 1 7 7  .  0 9  1 3 .  
1 1 1 1 7  7  . 0 3  1 9 .  
7 1  1 7 7  . 1 0  1 9 .  
8 1 1 7 7  . 0 1  2 0 .  
8  1 1 7 7  . 0 2  2 1  .  
8  1 1 7 7  .  0 3  2 2 .  
8 1 1 7 7  . 0 4  2 3 .  
1 1 1 1 7 7  . 0 4  2 4  .  
8 1 1 7 7  •  0 5  2 5 .  
8 1 1 7 7  . 0 6  2 6 .  
8 1 1 7 7  . 0 7  2 8  .  
8 1 1 7 7  . 1 0  2 8 .  
8 1  1 7 7  . 0 6  2 9 .  
8 1 1 7 7  . 0 9  3 0 .  
5  . . 7 7  7 0 D  0 2  
7  . 8 1 7 1 0  0 2  
1  . , 0 2 3 1 0  0 3  
1  , . 3 0 8 4 0  0 3  
1  . 6 3 1 0 0  0 3  
1  . . 9 7 6 1 0  0 3  
2 . .  1 9 1 5 D  0 3  
2  , , 3  9 0 8 0  0 3  
2  , , 7  9 9 0 0  0 3  
2  , , 2 6 0 6 0  0 3  
3  . . 5  1  9 5 0  0 3  
3  . ,  7 5 9 4 0  0 3  
3  « 9 0  0 2 0  0 3  
4  . . 3 3 8 0 0  0 3  
4  . , 9  0 6 7 0  0 3  
5  . , 5 5 4 0 0  0 3  
6  . , 0  0 2 9 0  0 3  
6  « 4 5 8 4 0  0 3  
7  „ 3 4 1 5 0  0 3  
8  . , 2 2 4 0 0  0 3  
e  i ,  6 4  4  0 0  0 3  
Ç  . , 2 0 9 6 0  0 3  
9  , , 4 6 4 3 0  0 3  
9 9 1  9  
0 0 1  3  
9 9 7 4  
0 0 5  2  
9 9 9 9  
9 5 5  7  
5 1 2 5  
0 0 2 3  
9 5 2  0  
9 5 6 2  
5 0 4  2  
9 8 9  9  
2 6 3  3  
2 2 6 3  
2 0 7 2  
4 0 4 6  
2 0 3 2  
0 0 2 0  
5 1 9 4  
0 1 7 4  
6 9 5 5  
5 7 9  0  
0 4 2  3  
5  . 7 6 1 0 0  0 2  1  . 6 0 4 5 0  0 0  1 6 4 .  8 2  
7  . 8 0 3 4 0  0 2  1  . 3 6 0 3 0  0 0  1 6 2 .  5 6  
1  . 0 2 2 0 0  0 3  1  .  1 7 0 0 0  0 0  1  6 0 .  7 5  
1  . 3 0 7 4 0  0 3  1  . 0 1 5 3 0  0 0  1  5 9 .  2 7  
1  . 6 3 0 1 0  0 3  8  . 9 0 7 9 0 - 0 1  1  5 8 .  0 4  
1  . 9 7 5 3 0  0 3  7  . 9 1 5 0 0 - 0 1  1 5 7 .  1  1  
2  . 1 9 0 7 0  0 3  7  . 4 1 1 1 0 -0 1  1  5 6 .  6 6  
2  . 3 9 0 0 0  0 3  7  .  0 0 6 6 0 -0 1  1  5 6 .  2 8  
2  . 7 9 8 4 0  0 3  6  . 3 1 1 0 0 -0 1  1 5 5 .  6 2  
3  . 2 6 0 0 0  0 3  5  . 6 8 2 2 0 - 0 1  1 5 5 .  0 0  
3  . 5 1 8 9 0  0 3  5  .  3 7 8 0 0 - 0 1  1  5 4 .  7 6  
3  . 7 5 8 9 0  0 3  5  . 1 2 8 2 0 - 0 1  1 5 4 .  4 8  
3  . 8 9 9 7 0  0 3  4  . 9 9 2 8 0 -0 1  1 5 4 .  3 1  
4  . 3 8 7 5 0  0 3  4  . 5 6 5 6 0 - 0 1  1  5 3 .  8 8  
4  . 9 0 6 3 0  0 3  4  .  1 8 2 6 0 - 0 1  1 5 3 .  4  1  
5  . 5 5 3 6 0  0 3  3  . 7 7 6 9 0 - 0 1  1  5 2 .  8 9  
6  . 0 0 2 5 0  Ù 3  3  . 5 3 8 3 0 -0 1  1 5 2 .  4 2  
6  . 4  5 8 1 0  0 3  3  . 3 2 1 6 0 - 0 1  1 5 1  .  9 4  
7  . 3 4 1 2 0  0 3  2  . 9 6  1 1 0 -0 1  1  5 0 .  6 8  
8  . 2 2 3 7 0  0 3  2  . 6 5 9 9 0 - 0 1  1 4 9 .  7 2  
8  . 6 4 3 7 0  0 3  2  . 5 3 8 4 0 - 0 1  1 4 9 .  9 6  
9  . 2 0 9 3 0  0 3  2  . 5 9 2 3 0 - 0 1  1  4 7 .  7 5  
9  . 4 6 4 1 0  0 3  2  . 3 2 0 6 0 - 0 1  1  4 7 .  5 1  
3  Table A4. Data for sample H^-S, data set 2; V = 19.120 cm /mole 
P O I N T  T E K P  T O T A L  C V  
< K )  ( M J / M O L E  K )  
1 2 1 1 7 7  0 1  1  .  5 6 7  0  4  . 6 8 7 1 0  0 0  
1 2 1 1 7 7  0 2  1  .  6 4  3  9  5  . 3 2 6 8 0  0 0  
1 2 1 1 7 7  0 3  1  .  7 4 6 3  c  , 8 0 3 2 0  0 0  
1 2 1 1 7 7  0 4  1  .  6 6 0 8  6  , 2 7 7 0 0  0 0  
1 2 1 1 7 7  0 5  1  .  9 6 1 4  6  . 6 8 5 7 0  0 0  
1 2 1 1 7 7  0 6  2 .  0 6 1  3  6  . 8 7 9 3 0  0 0  
1 2 1 1 7 7  0 7  2 .  2 2  4  0  7  . 3 7 4 4 0  0 0  
1 2 1  1 7 7  0 6  2 .  3 7 8 6  7  . 9 4 1 0 0  0 0  
1 2 1 1 7 7  C l  9  2  .  5 0 3 0  8  . 5 3 2 7 0  0 0  
1 2 1 1 7 7  1  0  2 .  7 2 1  1  S  . 6 6 0 4 0  0 0  
1 2 1 1 7 7  1  1  2 .  9 7 1 3  1  . 1 4 3 2 0  0 1  
1 2 1 1 7 7  1  2  3 .  2 2 9 2  1  . 3 5 7 7 0  0 1  
1 2 1 1 7 7  1  3  3 .  6 3 6 3  1  . 8 0 6 1 0  0 1  
1 2 1 1 7 7  1 4  4  .  1 0 2 5  2  . 4 9 0 4 0  0 1  
1 2 1  1 7 7  1 5  4 .  3 1 3 4  2  . 8 4 9 6 0  0 1  
1 2 1 1 7 7  1 6  4  .  9 0 6 2  4  . 1 5 6 8 0  0 1  
1 2 1 1 7 7  1  7  5 .  6 3 7  0  6  . 3 0 8 3 0  0 1  
1 2 1  1 7 7  1  8  6  •  5 0 6  S  9  . 8 8 9 2 0  0 1  
1 3 1 1 7 7  0 1  7 .  0 1  2 0  1  . 2 5 5 1 0  0 2  
1 2 1 1 7 7  1  9  7 .  5 3 6 9  1  , 5 9 2 3 0  0 2  
1 2 1 1 7 7  i : 0  6 .  5 2 6 4  2  . 3 9 7 7 0  0 2  
1 3 1 1 7 7  0 2  9 .  0 3 1  9  2  « 9 1 6 2 0  0 2  
1 2 1 1 7 7  £ !  1  9 .  5 2 4 3  • j  , 4 9 9 1 0  0 2  
1 2 1 1 7 7  2 2  1 0 .  6 4 2 4  5  « 1 3 4 9 0  0 2  
1 3 1 1 7 7  0 3  1 1  .  0 0 6 5  K  . 7 8 5 1 0  0 2  
1 2 1  1 7 7  2 3  1 1  .  9 0 7 6  7  . 5 8 8 3 0  0 2  
1 3 1 1 7 7  0 4  1 3  .  0 0 7  1  1  . > 0 2 4 6 0  0 3  
1 1 1 1 7 7  0 1  1 3 .  4 9 4  6  1  «  1 6 0 0 0  0 3  
L A T T I C E  C V  A N O M A L Y  C V  T H E T A  
( M J / M O L E  K )  ( M J / M O L E  K )  ( K )  
1  . 1 2 3 5 0  0 0  3  . 5 6 3 5 0  0 0  1 8 8 .  1 2  
1  . 4 0 4 5 0  0 0  3  . 9 2 2 3 0  0 0  1 8 3 .  7 5  
1  . 6 3 6 3 0  0 0  4  . 1 6 6 9 0  0 0  1 8 4 .  9 5  
1  . 9 9 2 6 0  0 0  4  . 2 8 4 4 0  0 0  1  8 4 .  5 4  
2  . 3 9 6 8 0  0 0  4  . 2 8 6 9 0  0 0  1  8 2 .  9 1  
2  . 6 4 4 8 0  0 0  4  . 2 3 4 4 0  0 0  1 8 6 .  0 2  
3  . 3 0 3 5 0  0 0  4  . 0 7 0 9 0  0 0  1 8 6 .  3 6  
4  . 0 7 0 1 0  0 0  • a  . 8 7  1  0 0  0 0  1  8 5 .  9 2  
4  . 8 4 2 6 0  0 0  3  . 6 9 0 0 0  0 0  1 8 5 .  O C  
6  . 2 7 1  C O  0 0  3  . 3 8 9 4 0  0 0  1  8 4 .  1 5  
8  . 3 7 8 0 0  0 0  3  . 0 5 4 4 0  0 0  1  8 2 .  5 7  
1  . 0 8 3 5 0  0  1  2  . 7 4 1 6 0  0 0  1 8 2 .  1 2  
1  . 5 7 4 1 0  0 1  2  . 3 2 0 5 0  0 0  1  8 1  .  0 7  
2  . 2 9 6 9 0  0 1  1  , 9 3 5 2 0  0 0  1 8 0 .  1 1  
2  . 6 7 0 7 0  0 1  1  . 7 8 9 3 0  0 0  1 8 0 .  0 9  
4  . 0 1 1 4 0  0  1  1  . 4 5 3 3 0  0 0  1 7 8 .  8 6  
6  . 1 9 3 2 0  0  1  1  . 1 5 1 1 0  0 0  1 7 7 .  8  1  
9  . 7 9 9 4 0  0 1  8  , 9 7 7 3 0 - 0 1  1 7 6 ,  1 4  
1  . 2 4 7 2 0  0 2  7  . 8 6 6 5 0 -0 1  1 7 5 .  1 5  
1  . 5 3 5 4 0  0 2  6  . 9 1 4 7 0 -0 1  1  7 3 .  7 9  
2  . 3 9 2 2 0  0 2  5  . 5 3 0 8 0 -0 1  1 7 1  .  4 1  
2  . 9 1 1 2 0  0 2  4  . 9 7 7 6 0 -0 1  1 7 0 .  0 7  
3  . 4 9 4 6 0  0 2  4  . 5 1 4 3 0 -0 1  1 6 8 .  7 5  
5  . 1 3 1  2 D  0 2  • a  . 6 7 4 4 0 - 0 1  1 6 5 .  8 7  
5  . 7  8 1 6 0  0 2  3  . 4 5 0 8 0 - 0 1  1 6 4 .  8 4  
7  . 5 8 5 4 0  0 2  2  . 9 7 7 6 0 - 0 1  I  6 2 .  8 3  
1  . 0 2 4 3 0  0 3  2  . 5 2 0 8 0 - 0 1  1 6 0 .  7 4  
1  . 1 5 9 7 0  0 3  2  . 3 5 1 2 0 - 0 1  1  5 9 .  8 8  
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Table A5. Data for sample H^-4; V = 20.685 cm /mole 
P O I N T  T E M P  T O T A L  C V  L A T T I C E  C V  A N O M A L Y  C V  T H E T A  
( K )  ( M J / M O L E  K )  ( M J / M O L E  K )  ( M J / M O L E  K J  ( K )  
2 6 1 1 7 7  . 0 1  1  .  4 5 3 1  e . . 9 3  9 9 D  0 0  2  . 5 3 7 3 0  0 0  4  . 4 0 2 6 0  0 0  1  3 2 .  9 6  
2 6  1 1 7 7  . 0 2  1  .  5 1  9 9  7 . i 3 4 9 3 D  0 0  2  . 3 8 2 9 0  0 0  4  . 9 6 6 3 0  0 0  1 4 2 .  0 1  
2 6 1 1 7 7  .  0 3  1  .  5 9 5 7  7 » 7 8 8 8 D  0 0  2  . 3 9 9 9 0  0 0  5  . 3 8 8 8 0  0 0  1 4 8 .  7 4  
2 6 1  1 7 7  . 0 4  1  .  6 8 6  1  9 . , 2 1 3 7 0  0 0  2  . 5 3 7 2 0  0 0  5  . 6 7 6 5 0  0 0  1  5 4 .  2 8  
2 6 1 1 7 7  . 0 5  1  .  7 6 5  2  8 . 6 2 0 9 0  0 0  2  . 8 2 8 0 0  0 0  5  . 7 9 2 8 0  0 0  1  5 5 .  7 3  
2 6 1 1 7 7  . 0 6  1  .  8 5 3 6  9 , .  1 7 2 6 D  0 0  3  . 3 5 3 4 0  0 0  5  . 8 1 9 1 0  0 0  1 5 4 .  5 5  
2 6 1 1 7 7  . 0 7  1  «  9 6 9 5  9 . . 5 4  9 4 D  0 0  3  . 8 0 6 2 0  0 0  5  . 7 4 3 2 0  0 0  1 5 7 .  4 2  
2 6 1 1 7 7  . 0 8  2 .  0 9 3 8  l i . 0 3 6 1 D  0 1  4  . 7 8 4 5 D  0 0  5  . 5 7 6 1 0  0 0  1  5 5 .  0 8  
2 6 1 1 7 7  . 0 9  2  .  1 9 9 5  1 , .  0 8 5 6 D  0 1  5  .  4  6 1  8 D  0 0  5  . 3 9 4 4 0  0 0  1 5 5 .  8 7  
2 6 1 1 7 7  . 1  C  2  .  4 2 1  1  1  . . 2 4  2 4 D  0 1  7  . 4 6 C 9 D  0 0  4  . 9 6 2 8 0  0 0  1 5 4 .  6 3  
2 6 1 1 7 7  .  1  1  2 .  6 2 7 2  1 , 4 1 8 4 D  0 1  9  . 6 3 1 5 0  0 0  4  . 5 5 2 4 0  0 0  1  5 4 .  1 0  
2 6 1 1 7 7  . 1 2  2 .  8 1 6 0  1  . . 6 1 8 0 0  0 1  1  . 1 9 8 6 0  0 1  4  . 1 9 3 9 0  0 0  1  5 3 .  5 6  
2 6 1 1 7 7  . 1 3  3 .  0 7 6  2  1 „ 9 5 4 6 0  0 1  1  . 5 8 0 3 0  0 1  3  . 7 4 2 8 0  0 0  1  5 2 .  9 8  
2 6 1 1 7 7  . 1 4  3 .  2 4  0  7  2 . .  2 1 4 4 0  0 1  1  . 8 6 5 8 0  0 1  3  . 4 8 5 5 0  0 0  1 5 2 .  4 9  
2 6 1 1 7 7  . 1 5  3 .  5 8 7 7  2 . . 8 5 3 9 0  0 1  2  . 5 5 2 9 0  0 1  3  . 0 1 0 7 0  0 0  1  5 2 .  0 6  
2 6 1 1 7 7  .  1 6  3 .  6 0 1  9  3 ,  2 3 5 1 0  0 1  3  . 0 5 9 2 0  0 1  2  . 7 5 9 2 0  0 0  1 5 1  .  7 1  
2 6 1 1 7 7  . 1 7  4 .  1 0 2 8  4 . .  1  0 8 8 0  0 1  3  . 8 6 3 6 0  0 1  2  . 4 5 1 7 0  0 0  1 5 1  .  4 6  
2 6 1 1 7 7  . 1 3  4  .  3 1 0 8  4 . . 7 3 6 0 0  J 1  4  . 5 0 9 3 0  0 1  2  . 2 6 6 4 0  0 0  1  5 1  .  1 5  
2 7 1 1 7 7  .  C  1  4  .  8 3 7 5  e .  6 3 7 9 D  0 1  6  . 4 5 0  1 0  0 1  1  . 8 7 7 3 D  0 0  1 5 0 .  5 4  
2 7 1 1 7 7  . 0 2  S .  5 4 4  4  1  . . 0 1  4 3 0  0 2  9  . 9  9 3 5 0  0 1  1  . 4 9 0 8 0  0 0  1 4 9 .  1  1  
2 7  1 1 7 7  . 0 3  6 .  2 1 7 9  1 «  4 7  l O O  0 2  1  . 4 5 8 8 0  0 2  1  . 2 2 1 7 0  0 0  1 4 7 .  4 1  
2 7 1 1 7 7  . 0 4  7 .  0 0 8 6  2 . 1 8 5 7 0  0 2  2  . 1  7 5 8 0  0 2  9  . 8 8 1 6 0 - 0 1  1  4 5 .  4 2  
2 7 1 1 7 7  . 0 5  7 .  7 3 1  2  3 . , 0 5 2 1 0  0 2  3  . 0 4 3 8 0  0 2  8  . 2 8 1 4 0 - 0 1  1 4 3 .  4 3  
2 7 1 1 7 7  .  0 6  8 .  5 0 5 7  4 , . 2 4 5 0 0  0 2  4  . 2 3 8 1 0  0 2  6  . 9 5 9 0 0 - 0 1  1 4 1  .  3 1  
2 7 1 1 7 7  . 0 7  9 .  2 0 0  2  5 , . 5 8 6 0 0  0 2  5  . 5 7 9 9 0  0 2  6  . 0 2 3 4 0 - 0 1  1  3 9 .  4 3  
2 7 1 1 7 7  . 0 ( 3  1 0 .  0 0 4 5  7 . 4 5 4 3 0  0 2  7  . 4 4 9 1 0  0 2  5  . 1 5 6 7 D - 0 1  1 3 7 .  6 4  
2 7 1 1 7 7  .  0 9  1 1  .  0 0 3  4  1 .  0 3 2 5 0  0 3  1  . 0 3 2 1 0  0 3  4  . 3 1 3 2 0 - 0 1  1  3 5 .  6 9  
2 7 1 1 7 7  •  1 0  1 2 »  
2 7 1 1 7 7  . 1 1  1 3 .  
2 8 1 1 7 7  •  0 1  1 4  .  
2 8 1 1 7 7  . 0 2  1 5 .  
2 8 1 1 7 7  •  0 3  1 6 .  
2 8 1 1 7 7  . 0 4  1 7 .  
2 8 1 1 7 7  . 0 5  1 3 .  
2 8 1 1 7 7  .  0 6  1 9 .  
2 8 1 1 7 7  . 0 7  2 0 .  
2 8 1 1 7 7  •  0 8  2 1  .  
2 8 1 1 7 7  . 0 9  2 1  .  
2 8  1 1 7 7  . 1 0  2 2 .  
0  1  . 3 7 5 8 0  0 3  
1  1  . 7 7 8 1 0  0 3  
5  2  . 2 4 8 4 0  0 3  
5  2  . 7 4 5 0 0  0 3  
1  - 5  , 2 9 2 4 0  0 3  
4  3  . 8 7 9 1 0  0 3  
6  4  . 4 9 8 3 0  0 3  
e c  . 1 5 5 0 0  0 3  
5  5  . 8 4 8 5 0  0 3  
5  6  . 5 4 5 7 0  0 3  
5  7  . 2 6 6 9 0  0 3  
6  7  . 5 3 9 7 0  0 3  
0 0 3  
006 
0 3 6  
01 1  
0 1 5  
012 
001 
0 0 3  
0 2 3  
0 0 9  
9 9 8  
3 5 0  
1  . 3  7 5  5 0  0 3  3  . 6 6  5 6 0 —  0 1  1 3 4 .  1 4  
1  . 7 7 7 8 0  0 3  3  . 1 4 9 3 0 -0 1  1 3 2 ,  9 3  
2  • 2 4 8 2 0  0 3  2  . 7 2 4 5 0 - 0 1  1 3 1 .  9 3  
2  • 7 4 2 8 0  0 3  2  . 3 9 6 9 0 - 0 1  1 3 1 .  1 2  
3  . 2 9 2 2 0  0 3  2  •  1 1 7 5 0 - 0 1  1 3 0 .  4 5  
3  . 8 7 6 9 0  0 3  1  • 8 8 5 7 0 -0 1  1 2 9 .  8 0  
4  . 4 9 8 1 0  0 3  1  • 6 9 1 3 0 -0 1  1  2 9 .  1 3  
5  . 1 5 4 8 0  0 3  1  . 5 2 2 7 0 -0 1  1 2 8 .  4 6  
5  . 8 4 8 4 0  0 3  1  . 3 7 6 4 0 -0 1  1 2 7 .  7 1  
6  . 5 4 5 6 0  0 3  1  . 2 5 4 6 0 - 0 1  1 2 6 .  8 2  
7  . 2 6 6 8 0  0 3  1  . 1 4 7 5 0 —  0 1  1  2 5 ^  8 4  
7  . 5 3 9 6 0  0 3  1  . 1 1 2 7 0 -0  1  1  2 5 .  3 5  
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Table A6. Data for sample H^"5, data set 1; V = 17.458 cm /mole 
P O I N T  T E M P  T J j T A L  C V  L A T T I C E  C V  A N O M A L Y  C V  T H E T A  
( K )  ( M J / M O L E  K >  ( M J / M O L E  K )  ( M J / M O L E  K )  ( K )  
1 1 0 1 7 8  . 0 1  5  .  1 2 7 4  4  . . 2 3 4 0 0  0 1  2 . 5 3 6 9 0  0 1  1  . 6 9 7 1 0  0 1  2 1 7 . 7 7  
1 1 0 1 7 8  . 0 2  5  .  6 6 6 4  4  9 5 8 7 0  0 1  3 . 4 6 6 3 0  0 1  1  . 4 9 2 4 0  0 1  2 1 6 . 8 9  
1 1 0 1 7 8  •  0 . 3  6  . 1 5 4 0  5  « 6 3 9 8 0  0 1  4 . 5 0 8 8 0  0 1  1  . 3 3 1  1 0  0 1  2 1 5 . 7 8  
1 1 0 1 7 8  . 0 4  6  .  3 3 4  0  7  7 2 3  5 0  0 1  6 . 6 0 7 3 0  0 1  1  . 1 1 6 1 0  0  1  2 1 4 . 0 5  
1 1 0 1 7 3  . 0 5  7  . 7 7 ?  1  1  . .  0 5 0 5 0  0 2  9 . 5 7 1  7 0  0 1  9  . 3 3 2 7 0  0 0  2 1 2 . 1 3  
1 1 0 1 7 8  . 0 6  a  . 6 3 2  1  1  « 4  2 7 4 D  0 2  1  . 3 4 8 6 0  0 2  7  . 8 7 9 9 D  0 0  2 1 0 , 0 7  
1 1 0 1 7 8  .  0 7  9  . 5 3 1 0  1  „ 9 4  8 7 0  0 2  1  . 8 8  1 9 0  0 2  6  . 6 7 7 7 0  0 0  2 0 7 . 5 6  
1 1 0 1 7 8  . 0 7  1 0  . 5 0 9 1  2  „ 6 3 0 1 D  0 2  2  . 6 2 3 6 0  0 2  5  . 6 5 1 0 0  0 0  2 0 4 . 8 5  
1 1 0 1 7 8  . 0 8  1 1  . 5 7 0  2  T  . , 7 1 4 2 0  0 2  3 . 6 6 6 5 0  0 2  4  . 7 7 7 2 0  0 0  2 0 1 . 7 4  
1 1 0 1 7 8  . 0 9  1 2  . 5 5 1  4  4  , . 9 0 6 5 0  0 2  4 . 0 6 5 1 0  0 2  4  . 1 3 5 9 0  0 0  1 9 9 . 1 3  
1 1 0 1 7 8  . 1 0  1 3  .  5 0 3 6  6  , , 3 1 1  1 0  0 2  6  . 2 7 4 8 0  0 2  3  . 6 2 8 0 0  0 0  1 9 6 . 7 7  
1 2 0 1 7 8  . 0 1  1 4  .  5 0 5  1  e  , 0 4 7 6 0  0 2  8 . 0 1 5 8 0  0 2  3  . 1 6 7 6 0  0 0  1 9 4 . 7 1  
1 2 0 1 7 8  . 0 2  1 5  .  5 2 9 8  1  , 0 1 7 8 0  0 3  1  . 0 1 5 0 0  0 3  2  . 8 1 4 4 0  0 0  1 9 2 . 5 1  
1 2 0 1 7 8  . 0 3  1 6  . 5 0 7  9  1  , . 2 4 0 8 0  0 3  1  . 2 3 8 3 0  0 3  2  . 5 1 5 7 0  0 0  1 9 1 . 2 5  
1 2 0 1 7 8  .  0 4  1 7  .  E 0 5 9  1  4 9 8 8 0  0 3  1  . 4 9 6 5 0  0 3  2  . 2 5 7 1 0  0 0  1 9 0 . 0 2  
1 2 0 1 7 8  . 0 5  1 8  .  5 0 9 4  1  , 7 8  3 0 0  0 3  1  . 7 8 1 0 0  0 3  2  . 0 3 5 1 0  0 0  1 8 9 . 0 6  
1 2 0 1 7 8  . 0 6  1 9  . 4 9 8 6  2  ,  0 9 0 1 0  0 3  2 . 0 8 8 2 0  0 3  1  .  8 4 6 7 0  0 0  1 8 8 . 2 1  
1 2 0 1 7 6  . 0 7  2 0  .  5 0 3 7  2  , 4 2  9 9 0  0 3  2 . 4 2 8 2 0  0 3  1  . 6 7 9 9 0  C O  1 8 7 . 4 2  
5  Table A?. Data for sample H^"5, data set 2; V = 17-458 cm /mole 
P O I N T  T E M P  T O T A L  C V  L A T T I C E  C V  A N O M A L Y  C V  T H E T A  
( K )  ( M J / M O L E  K )  ( M J / M C L E  K )  ( M J / M C L E  K )  ( K )  
1 9 0 1 7 8  •  0 1  1  •  9 2 2 4  1  . 0 8 6 6 0  0 1  1  • 2 7 9 5 0  0 0  9  . 5 8 6 2 0  0 0  2 2 0 . 9 8  
1 9 0 1 7 8  •  0 2  1  •  9 9 6 1  1  . 1 6 6 9 0  0 1  1  •  6  0 1 8 0  0 0  1  • 0 0 6 7 0  0  1  2 1 2 . 9 1  
1 9 0 1 7 8  . 0 3  2 ,  1 9 9 4  1  . 2 4 4 0 0  0 1  1  • 8 1 2 5 0  0 0  1  • 0 6 2 7 0  0 1  2 2 5 ^ 1 1  
1 9 0 1 7 8  •  0 4  2  •  4 1 2 6  1  . 2 9 4 0 0  0 1  2  •  4 2 4 8 0  0 0  1  . 0 5 1 5 0  0 1  2 2 4 . 1 2  
1 9 0 1 7 8  .  0 5  Z ,  6 3 8  8  1  . 3 3 3 1 0  0 1  3  •  2 9 6 3 0  0 0  1  • 0 0 3 5 0  0 1  2 2 1 ^ 2 8  
1 9 0 1 7 8  •  0 6  2 .  8 7 5 2  1  . 3 8 6 1 0  0 1  4  . 4 8 8 9 0  0 0  9  • 3 7 1 Ô D  0 0  2 1 7 . 5 2  
1 9 0 1 7 8  •  0 7  3 .  1 8 8 3  1  . 4 4 8 9 0  0 1  6  . 0 4 8 1 0  0 0  8  • 4 4 0 7 0  0 0  2 1 8 . 3 9  
1 9 0 1 7 8  •  0 8  3 .  5 8 6 8  1  . 6 0 1 8 0  0 1  8  . 6 8 7 7 0  O C  7  • 3 3 0 2 0  0 0  2 1 7 \ 7 4  
1 9 0 1 7 0  •  0 9  3 ^  7 9 4  0  1  . 7 0 1 6 0  0 1  1  • 0 2 0 6 0  0 1  6  • 8 0 9 3 0  0 0  2 1 8 ^ 2 8  
1 9 0 1 7 8  •  1 0  4 .  1 0 2 7  1  . 9 0 2 3 0  0 1  1  . 2 9 1 2 0  0 1  6  • 1 1 0 5 0  0 0  2  1 8 ^ 2 4  
1 9 0 1 7 8  .  1 1  4  •  4 6 2 7  2 . 2 2 5 6 D  0 1  1  . 6 8 5  1 0  0  1  5  • 4 0 5 2 0  0 0  2 1 7 ^ 2 4  
1 9 0 1 7 8  •  1 2  5  •  6 3 7 3  3  . 8 7 7 3 0  0 1  3  . 5 0 2 7 0  0 1  3  • 7 4 5 7 D  0 0  2 1 5 , 0 2  
1 9 0 1 7 8  •  1 3  &• 3 5 5 6  K  . 4 2 9 4 0  0 1  5  . 1 2 2  6 0  0 1  3  • 0 6 8 0 0  0 0  2 1 3 . 5 7  
1 9 0 1 7 8  •  1 4  7  ,  0 6 9 2  7  . 4 3 0 7 0  0 1  7  . 1 7 5 0 0  0 1  2  • 5 5 7 3 0  0 0  2 1 2 . 3 1  
1 9 0 1 7 8  •  1 5  7 ,  7 8 8 0  9  . 9 4 3 3 0  0 1  9  . 7  2 7 4 0  0 1  2  • 1 5 9 6 0  0 0  2 1 1 . 2 4  
1 9 0 1 7 8  •  1 6  8  •  5 4 1  4  1  . 3 3 1 9 0  0 2  1  • 3 1 3 6 0  0 2  1  • 8 3 3 3 0  0 0  2 0 9 . 7 0  
1 9 0 1 7 8  •  1 7  9 ^  5 3 5 3  1  . 9 0 9 2 0  0 2  1  •  3 9 4 2 0  0 2  1  • 5 0 3 7 0  0 0  2 0 7 . 2 1  
2 0 0 1 7 8  •  0 2  1 0 .  0 0 4  3  2  . 2 4 1 0 0  0 2  2  •  2 2 7 2 0  0 2  1  • 3 7 8 0 0  0 0  2 0 5 . 9 7  
2 0 0 1 7 8  •  0 3  1  1  .  0 0 3 0  3  . 0 9 6 3 0  0 2  3  •  0 8 4 8 0  0 2  1  • 1 5 7 5 0  0 0  2 0 3 . 2 2  
2 0 0 1 7 8  •  0 4  1 2 .  0 2 2 5  4  . 2 0 0 4 0  0 2  4  • 1 9 0 6 0  0 2  9  • 8 2 5 2 0 - 0 1  2 0 0 ^ 4 9  
2 0 0 1 7 8  •  0 5  1 3 .  0 0 1  9  5  . 5 2 0 1 0  0 2  5  •  5 1  1  6 0  0 2  8  • 4 9 1 2 0 - 0 1  1 9 7 ^ 8 6  
2 0 0 1 7 8  •  0 6  1 4 .  0 0 0 9  7  . 1 1 8 9 0  0 2  7  •  1 1 1 5 0  0 2  7  • 3 9 1 0 0 - 0 1  1 9 5 ^ 6 4  
2 0 0 1 7 8  •  0 7  1 4 .  9 9 7 4  9  . 0 0 2 6 0  0 2  8  •  9 9 6 1 0  0 2  6  • 4 9 2 9 0 - 0 1  1 9 3 . 6 5  
2 0 0 1 7 8  •  0 8  1 5 .  9 9 3 5  1  • 1 1 6 1 0  0 3  1  • 1 1 5 5 0  0 3  5  . 7 4 5 5 0 - U l  1  9 2 • 0 6  
2 0 0 1 7 8  •  0 9  1 6 ^  9 9 3  0  1  • 3 5 9 4 0  0 3  1  • 3 5 8 9 0  0 3  5  • 1 2 0 7 D - 0 1  1 9 0 . 7 5  
2 0 0 1 7 8  •  1 0  1 8 ^  0 1 2 7  1  , 6 3 6 4 0  0 3  1  . 6 3 5 9 0  0 3  4  • 5 8 4  9 D - 0 1  1 8 9 ^ 5 5  
2 0 0 1 7 8  •  1  1  1 9 .  0 0 1  4  1  • 9 3 4 1 0  0 2  1  . 9  3 3 7 0  0 3  4  • 1 3 9 7 0 - 0 1  1 8 8 ^ 5 2  
2 0 0 1 7 8  •  1 2  d O ,  0 1 0 8  2  • 2 5 9 1 0  0 3  2  . 2 5 8 8 0  0 3  3  . 7 4 8 8 0 - 0 1  1 8 7 . 7 6  
2 1 0 1 7 8  . 0 1  2 1  .  
2 1 0 1 7 8  . 0 2  2 2 .  
2 1 0 1 7 8  .  0 3  2 4 .  
2 1 0 1 7 8  •  0 4  2 6 .  
2 1 0 1 7 8  . 0 5  2 7 .  
2 1 0 1 7 8  .  0 6  2 ) ,  
2 1 0 1 7 8  . 0 7  3 0 .  
2 2 0 1 7 8  • o:i 3 2 .  
2 2 0 1 7 8  . 0 2  3 4 .  
2 2 0 1 7 8  . 0  3  3 6 .  
2 2 0 1 7 8  .  0 4  3 8 .  
2 2 0 1 7 6  . 0 5  4 0  .  
2 .  7 9 1  7 0  0 3  
3 . 3 5  0 6 D  0 3  
3 . 9 4 2 2 D  0 3  
4 . ' . 3 0 5 3 0  0 3  
5 * 2 3 8 6 0  0 3  
5 , 9  0 9 4 0  0 3  
6 . , B 1 0 5 D  0 3  
7  . , 7  3 5 9 0  0 3  
e .  6 4  9 7 0  0 3  
9 . - 6 3 5 8 0  0 3  
l e ,  0  6 2 3 0  0 4  
1 , .  1 1  1 7 0  0 4  
5 3 1  9  
990 p 
4 9  3  7  
0 0 4  8 
5 0 4  4  
0 0 0 4  
9 9 2  3  
3 9 4  1  
9 7 6 2  
9 9 4 3  
9 9 5 8  
0 5 3 5  
2  . 7  9 1 4 D  0 3  3  . 2 5 6 4 0 -• 0 1  1 8 6 . 8 3  
3  . 3 5 0 3 0  0 3  2  . 8 6 7 7 0 - 0 1  1 8 6 . 0 6  
3  . 9 4 2 0 0  0 3  2  . 5 4 1 3 0 - 0 1  1 0 5 . 5 9  
4  . 5 8 5 1 0  0 3  2  . 2 6 1 3 0 - 0 1  1 8 5 . 0 1  
5  . 2 3 8 4 0  0 3  2  . 0 2 8 2 0 - 0 1  1 8 4 . 5 4  
5  . 9 0 9 2 0  0 3  1  . 8 2 9 8 0 -0 1  1 8 4 . 0 1  
6  . 8  1 0 4 0  0 3  1  . 6 0 7 8 0 —  0 1  1 8 3 . 3 7  
7  . 7 3 5 8 0  0 3  1  . 4 2 3 0 0 -0 1  1 8 2 . 4 7  
8  . 6 4 9 5 0  0 3  I  . 2 6 9 7 0 -0 1  1 8 1 . 4 9  
o  
. 6 3 5 7 D  0 3  1  . 1 3 7 7 0 - 0 1  1 7 9 . 5 7  
1  . 0 6 2 3 0  0 4  1  . 0 2 6 2 0 - 0  1  1 7 7 . 2 6  
1  . 1 1 1 7 0  0 4  9  . 7 3 7 2 0 - 0 2  1 7 6 . 2 1  
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Table A8. Data for sample V = 16.193 cm /mole 
P O I N T  T E M P  T O T A L  C V  L A T T I C E  C V  A N O M A L Y  C V  T H E T A  
( K )  ( M J / M O L E  K )  ( M J / M C L E  K )  ( M J / M O L E  K )  ( K >  
7 0 3 7 0  . 0 1  1  .  5 5 9 5  2 . 3 6 4 9 0  0 0  2  . 6 9 3 3 0  0 0  - 5  . 2 8 4 0 0 - 0 1  1 3 6 . 5 8  
7 0 3 7 8  . 0 2  1  .  6 6 5  5  2 . 7 4 2 5 0  0 0  1  . 9 8 7 5 0  0 0  7  . 5 4 9 7 0 -0 1  1 6 5 ^  3 2  
7 0 3 7 8  . 0 3  1  .  7 6 1  0  2 . 0 6 8 1 D  0 0  1  . 5 2 3 7 0  0 0  1  . 5 4 4 3 0  0 0  1 9 0 . 9 9  
7 0 3 7 3  . 0 4  1  .  3 7 8  2  2 . 4 5 3 7 0  0 0  1  , 2 6 5 0 0  0 0  2  •  1 6 6 7 0  0 0  2 1 6 . 7 3  
7 0 2 7 8  .  0 5  1  .  9 7 0  1  2 . 6 9 3 3 D  0 0  1  . 1 7 4 4 D  0 0  2  . 5 1 8 9 0  0 0  2 3 3 . 0 4  
7 0 3 7 8  . 0 6  2 .  2 0 3 9  4 . 2 9 8 0 0  0 0  1  . 3 6 7 6 0  0 0  2  . 9 3 0 4 0  0 0  2 4 7 . 7 9  
7 0 3 7 8  . 0 7  2 .  4 0 2 9  4 . 6 9 3 1 0  0 0  1  . 6 8 9 4 0  0 0  -5 . 0 0 3 8 0  0 0  2 5 1 . 7 9  
7 0 3 7 8  . 0 8  2 .  6 0 5  1  5 . 0 7 4 4 0  0 0  2  . 1 2 4 9 0  0 0  2  . 9 4  9 5 0  0 0  2 5 2 . 8 9  
7 0 3 7 3  . 0 9  2 .  8 0 1  1  5 . 4 9 8 2 0  0 0  2  . 6 6 3 7 0  0 0  2  . 8 3 4 5 0  0 0  2 5 2 . 1 8  
7 0 3 7 8  •  1 0  3 .  0 0 7 9  5 . 9 3 9 1 0  0 0  3  . 3 0 6 5 0  oc 2  . 6 8 2 7 0  0 0  2 5 1 . 9 7  
7 0 3 7 6  •  1 1  3 .  2 1 4 0  6 . 5 8 9 3 0  0 0  4  •  0 6 8 8 0  0 0  2  . 5 2 0 5 0  0 0  2 5 1 . 2 5  
7 0 5 7 8  .12 3 .  5 8 9 8  a . 0 5 6 9 0  0 0  5  . 8 2 7 4 0  0 0  2  . 2 2 9 5 0  0 0  2 4 8 . 9 6  
7 0 3 7 8  . 1 3  3 .  7 9 0 5  e . 9 0 2 1 0  0 0  6  , 8 1 7 5 0  0 0  2  . 0 8 4 6 0  0 0  2 4 9 . 4 8  
7 0 3 7 8  . 1 4  4  .  0 0 0 9  1  . 0 0 1 3 0  0 1  8  . 0 7 0 3 D  0 0  1  . 9 4 2 9 0  0 0  2 4 8 . 9 3  
7 0 3 7 8  . 1 5  4 .  3 0 4  8  1 . 1 8 2 2 0  0 1  1  . 0 0 6 4 0  0 1  1  . 7 5 7 1 0  0 0  2 4 8 . 8 3  
8 0 3 7 8  . 0 1  4 .  6 0 9 6  1 . 3 7 5 1 0  0 1  1  . 2 1 5 9 0  0 1  1  . 5 9 2 2 0  0 0  2 5 0 . 1 7  
8 0 3 7 6  . 0 2  5 .  1 7 3 0  1  . 8 9 6 3 0  0 1  1  . 7 6 2 6 0  0  1  1  . 3 3 7 4 0  0 0  2 4 8 . 0 7  
8 0 3 7 8  . 0 3  5 .  8 0 0 3  2 . 6 1 6 8 0  0 1  2  . 5 0 5 3 0  0 1  1  . 1 1 5 2 0  0 0  2 4 7 . 3 9  
7 0 3 7 8  . 1 6  6  .  0 3 1  0  2 . 9 5 2 9 0  0 1  2  . 8 4 8 2 0  0 1  1  • 0 4 6 5 0  0 0  2 4 6 . 4 6  
8 0 3 7 8  . 0 4  6 .  5 0 1  7  3 . 6 5 7 7 0  0 1  3  . 5 6 5 3 0  0 1  9  • 2 3 9 5 0 -0 1  2 4 6 . 5 3  
7 0 3 7 8  . 1 7  7 .  0 0 2  9  4 , 5 6 8 7 0  0 1  4  . 4 3 7 2 0  0 1  8  . 1 5 0 2 0 - 0 1  2 4 5 . 9 4  
6 0 3 7 8  . 0 5  7 .  5 0 6 9  5 . b 4 1 1 0  0 1  5  . 5 6 8 8 0  0 1  7  . 2 3 3 2 0 - 0 1  2 4 5 . 3 3  
7 0 3 7 8  .18 8 .  0 0 1  8  6 . 8 7 8 8 D  0 1  6  . 8 1 4 1 0  0 1  6  . 4 7 2 7 0 -0 1  2 4 4 . 4 9  
8 0 3 7 8  •  0 6  8 .  5 0 4 4  8 . 2 8 2 5 0  0 1  8  . 2 2 4 3 0  0 1  5  . 8 1 4 7 0 - 0 1  2 4 4 . 0 6  
8 0 3 7 8  . 0 7  9 .  5 0 2 7  1  . 1 8 0 3 0  0 2  1  . 1 7 5 5 0  0 2  4  . 7 7 0 4 0 -0 1  2 4 2 . 0 9  
8 0 3 7 8  . 0 8  1 0 .  5 0 4  9  1  . 6 3 8 2 D  02 1  .6342D 02 3  . 9 7 8 9 0 - 0 1  239. 7 9  
8 0 3 7 8  . 0 9  1 1  .  4 9 6 8  2 . 2 2 4 7 D  0 2  2  . 2 2 1 3 0  0 2  3  . 3 7 3 4 0 -0 1  2 3 6 . 9 1  
9 0 3 7 8  •  0 1  1 1  .  5 0 6 5  2 . 2 1 5 7 0  0 2  2  . 2 1 2 3 0  0 2  3  . 3 6 8 2 0 - 0 1  2 3 7 . 4 3  
8 0 3 7 8  .  1  0  1 2 .  4 9 3 0  2 . 9 4 4 3 D  0 2  2 . 9 4 1 9 0  0 2  2  . 3 9 1 1 0 - 0 1  2 3 4 . 5 3  
8 0 3 7 8  . 1 1  1 3  .  
9 0 3 7 8  . 0 2  1 4  .  
8 0 3 7 8  .  1 2  1 4 .  
8 0 3 7 8  . 1 3  1 5 .  
9 0 3 7 8  . 0 3  1 5  .  
9 0 3 7 8  . 0 4  1 6 .  
9 0 3 7 8  . 0 5  1 7 .  
9 0 3 7 8  .  0 6  1 8 .  
9 0 3 7 8  . 0 7  1 8 .  
9 0 3 7 8  . 0 6  1 9 .  
9 0 3 7 8  . 0 9  2 0 .  
9 0 3 7 8  .  1 0  2 2 .  
9 0 3 7 8  .  1  1  2 3 .  
1 0 0 3 7 8  . 0  1  2 5 .  
1 0 0 3 7 8  . 0 2  2 6 .  
1 0 0 3 7 8  . 0 3  2 7 .  
1 0 0 3 7 8  . 0 4  2 8 .  
1 0 0 3 7 8 . 0 5  2 9 .  
1 0 0 3 7 8  . 0 6  3 1  .  
1 0 0 3 7 8  . 0 7  3 3 .  
1 0 0 3 7 8  . 0 8  3 5 .  
1 0 0 3 7 8  « 0 9  3 7  .  
1 0 0 3 7 8  . 1 0  3 9 .  
1 1 0 3 7 6  .  0  1  4 2 .  
1 1 0 3 7 8  . 0 2  4 4  .  
1 1 0 3 7 9  . 0 3  4 5  .  
1 1 0 3 7 8  . 0 4  4 8 .  
1 1 0 3 7  8  . 0 5  5 0 .  
1 1 0 3 7 8  . 0 6  5 0 .  
3  , 6 5 5 7 D  0 2  
4  „ 9 0 8 0 D  0 2  
4  „ 9 3 5 8 D  0 2  
5  , , 5 6 6 6 0  0 2  
6 . ,  i a i 2 D  0 2  
7 . . 6 7 6 3 D  0 2  
9  , , 3 5 7 8 0  0 2  
1  , , 0 3 1  7 0  0 3  
1  „ 1 2 7 6 0  0 3  
1  , , 3 3 6 4 0  0 3  
1  , , 6 8  9 6 0  0 3  
2  , , 0 8  3 6 0  0 3  
2 „ 5 1 3 5 D  0 3  
2  , , 9  8 6 5 0  0 3  
3  . , 4 7 7 9 0  0 3  
3 , , 7 6 2 7 0  0 3  
3  . ,  9 9 8 0 0  0 3  
4  « 5 5 5 9 0  0 3  
c , . 2 3 5 3 0  0 3  
6  , 1 0 6 2 0  0 3  
6  . , 8 6 2 1 0  0 3  
7  , . 6 1 6 1 0  0 3  
6 . . 3 5 5 2 D  0 3  
9  , , 2 8 0 6 0  0 3  
1  . , 0 0 4 8 0  0 4  
1  . , 0 7 8 3 0  0 4  
1  , , 1 5 2 6 0  0 4  
1  . , 2 4 3 1 0  0 4  
1  . , 2 6 4 4 0  0 4  
5 1 1  7  
4 8 6  4  
4 9 5 5  
0 2 2 6  
4 8 6  1  
5 0 0 5  
4 9 3 1  
0 0 0 7  
5 0 5 3  
501  e  
9 9 9  1  
4 6 3 2  
991 a 
4 9 9  1  
9 9 8 9  
7 8 6  3  
4 9 0 2  
9 8 7 6  
9 5 7 4  
9 8 9 6  
8 3 4  6  
9 1 6 0  
8 2  0  3  
0 2 0  3  
0 1 3 5  
9 1 2  5  
0 1 3 2  
0 6 0 7  
8 7 3 7  
3  . 6 5 3 2 0  0 2  2  . 5 0 1 1 0 - 0 1  2 3 1  .  
4  . 9 0 5 8 0  0 2  2  . 1 9 5 5 0 - 0 1  2 2 9 .  
4  . 9 3 3 6 D  0 2  2  . 1 9 2 9 D - 0 1  2 2 8 .  
5  . 5 6 6 5 0  0 2  2  . 0 5 0 6 0 - 0 1  2 2 7 .  
6  . 1 7 9 3 0  0 2  1  . 9 3 6 6 0 - 0  1  2  2 6 .  
7  . 6  7 4  6 0  0 2  1  . 7 1 7 8 0 -0 1  2  2 4 .  
9 . 3 5 6 3 0  0 2  1  . 5 3 6 9 0 -0 1  2 2 2 .  
1  . 0 3 1 5 0  0 3  1  . 4 5 6 3 0 —  0 1  2 2 1  .  
1  . 1 2 7 4 0  0 3  1  . 3 8 1 7 0 -0 1  2 2 1  .  
1  . 3 3 6 2 0  0 3  1  . 2 5 0 1 0 -0 1  2 2 0 .  
1  . 6 8 9 4 0  0 3  1  . 0 8 5 0 0 -0 1  2 1 8 .  
2 . 0 8 3 5 0  0 3  9  . 5 1 6 6 0 -0 2  2 1 7 .  
2  . 5 1 3 4 0  0 3  e . 3 9 7 6 0 - 0 2  2 1 6 .  
2  . 9 8 6 4 0  0 3  7  . 4 6 5 5 0 —  0 2  2 1 5 .  
3  . 4 7 7 9 0  0 3  6  . 6 8 3 9 0 -0 2  2 1 5 .  
3  . 7 6 2 6 0  0 3  6  . 3 2 1 7  0 - 0 2  2 1 4 .  
3  . 9 9 8 0 0  0 3  6  . 0 2 2 2 0 -0 2  2 1 4 .  
4  . 5 5 5 9 0  0 3  5  . 4 5 1 9 0 -0 2  2 1 3 .  
5  , 2 8 5 2 0  0 3  4  . 8 1 7 2 0 -0 2  2 1 3 .  
6  . 1 0 6 1 0  0 3  4  . 2 7 1 8 0 -0 2  2 1 2 .  
6  . 8 6 2 1 0  0 3  3  . 8 5 3 0 0 - 0 2  2 1 1 .  
7  . 6 1 6 0 0  0 3  3  . 4 5 0 4 0 —  0 2  2 1 1 .  
8  . 3 5 5 2 0  0 3  3  . 1 3 4 9 0 -0 2  2 1 0 .  
9  . 2 8 0 5 0  0 3  2  . 8 2 1 4 0 -0 2  2 0 8 .  
1  . 0 0 4 8 0  0 4  2  . 5 7 5 7 0 -0 2  2 0 7 .  
1  . 0  7 8  3 0  0 4  2  . 3 7 1 2 0 - 0 2  2 0 6 .  
1  . 1 5 2 6 0  0 4  2  . 1 7 2 0 0 -0 2  2 0 5 .  
1  . 2 4 3 1 0  0 4  2  . 0 0  0 5 0 —  0 2  2 0 1 .  
1  . 2 6 4 4 0  0 4  1  . 9 3 8 1 0 -0 2  2 0 2 .  
7 2  
20  
9 1  
66 
3 3  
7 5  
9 6  
9 2  
3 6  
1 2  
5 1  
20 
4 8  
66 
2 3  
5 4  
7 1  
9 4  
5 5  
3 0  
20 
4 9  
86 
8 9  
8 7  
5 1  
5 8  
82 
18 
1 7 2  
APPENDIX B. THE DEBYE FUNCTION 
Deviations from the Debye model are expressed conveniently as a 
variation of ©, where ® is determined from the measured heat capacity 
and Equation (1-35), 
= 9R| -k 
which is the general expression for the heat capacity in the Debye 
model. The integral 1^, defined from the above equation, can be expanded 
to yield 
o/i_^ ?? r /,„3_3 j. ~i (B-2) T Zk-n^ V r® "°(a^n^ + 4a^n^ + 12a^n^ + 24an + 24) I  z; 
90 n=l n 
where a = 0/T. Rearranging Equation (B-1) gives 
T " [ (C /3R) ] ' 
which now can be solved self-consistently with Equation (B-2). An 
estimated value of 0/T is made and used to calculate 1^, and then Equa­
tion (B-3) is evaluated to obtain a second approximation for ®/T. This 
procedure is continued until the desired accuracy is obtained. The 
iteration was done on the computer and six digit agreement with published 
tables could be achieved easily. As T increases, 0/T becomes smaller, 
and the convergence of both the expanded series and the iteration pro­
cedure is slower, so a practical limit for this procedure is ©/T > 2. 
